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Summary 
Phase change optical disk is one important type of rewritable optical disk available 
nowadays. It takes advantage of the fact that Phase change materials have different 
optical indices in their crystalline and amorphous states, leading to different 
reflectivity. Data transfer rate is one of key issues in optical data storage and is highly 
dependent on the crystalline and amorphous phase transition time. Femtosecond laser 
is very attractive for optical data storage. If femtosecond laser can induce reversible 
phase transition in phase change media, it may greatly increase date transfer rate. 
This study investigated the interaction of femtosecond laser with phase change optical 
data storage media. The static experiment setup was employed to determine whether a 
single femtosecond laser pulse could induce amorphous or crystalline mark in phase 
change media or not. In order to investigate the nature of electronic and structural 
changes induced by femtosecond laser pulse, a time resolved microscopy with 
femtosecond resolution and micrometer spatial resolution was developed to measure 
transient surface change after femtosecond laser irradiation. Because optical band 
gaps of phase change media are fundamental for understanding the mechanism of 
carrier excitation and relaxation after laser irradiation, they were calculated with 
refractive index which was measured with Steag etaoptic ETA-RT quality control 
systems for compact disc production. 
Refractive index measurement indicates that GeSbTe and AgInSbTe has an indirect 
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optical band gap approximately 0.6~0.7 eV. The static experiment shows that ultrafast 
crystalline and amorphous phase transformations triggered by femtosecond laser pulse 
in GeSbTe films could be achieved by proper control of the heat flow conditions 
imposed by film thickness. In thick films such as those of 100 nm thickness, 
crystalline to amorphous and amorphous to crystalline phase transitions triggered by 
femtosecond laser were observed. Using time resolved microscope, it was observed 
that a transient non-equilibrium state of the excited material in phase change media 
after femtosecond laser irradiation was formed in picoseconds time scale.  
Our experiments show that even a single femtosecond pulse can induce and erase an 
amorphous mark in GeSbTe films. An electronically induced non-thermal phase 
transition is suggested to be the mechanism of these ultrafast phase transitions. Our 
results might provide the possibility of achieving a data transfer rate higher than 1 
Tbit/s. 
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Chapter 1 Introduction 
1.1 Optical data storage 
We are in an information age. The demand for high performance, low cost and 
nonvolatile information systems is ever-increasing. Genarally speaking, there are 
three major types of storage technology, i.e., solid-state memory, magnetic data 
storage and optical data storage. Each of them has its own advantages and 
disadvantages. 
Solid state memories, which have high-speed and compact size, are mainly used as 
internal memories, while magnetic and optical storage devices are typically used as 
secondary storage device for computer systems. Hard disk drives, which are the 
primary type of magnetic storage devices, have high cost-performance and high 
growth rate in area density. They have been and remain the device of choice for 
secondary storage device in computer systems. Optical storage devices, since the first 
introduction of   audio compact disk player in the early 1980’s [1], have undergone 
numerous progress in read-only optical data storage such as Compact Disc-Read Only 
Memory (CD-ROM), Laser Disk (LD), Digital Versital Disk (DVD)-Video, DVD-
ROM, DVD-Randon Access Memory (RAM), DVD-Recordable (R) and Blue-ray 
Disk (BD)-ROM. Due to their unique feature of large capacity, long life-time, 
Chapter 1 Introduction  
 2 
removability, low cost and non-contact data retrieval [2], optical discs are widely used 
in multimedia to store digitized audio, video, animation and images.  
Several kinds of write-once optical discs have been developed during the past two 
decades, namely WORM (Write Once Read Many), CD-R and DVD-R. These types 
of disks are mainly used for archival purposes to store permanent information, such as 
medical record, legal document. However, these kinds of disks can be written only 
once.  
To meet the rewritable requirement, several types of rewritable optical disks, such as 
CD- Rewritable (RW) and DVD-RAM has been introduced. Because the data can be 
rewritten many times, rewritable optical discs can be used as the peripheral data 
storage device in computer systems. 
There are mainly two kinds of techniques in the rewritable optical discs. One is 
magneto-optical (MO) recording [3] which is based on small polarization rotations of 
light reflected from different directions (upward or downward) of magnetic domains 
to distinguish recorded data bits. Another one is phase-change recording (PC) which 
takes advantage of the fact that PC materials have different optical indices in their 
crystalline and amorphous states, leading to different reflectivities. Over the last 
decade, the race between the technology of MO recording and PC recording has 
spurred the technological advancement of rewritable optical disc.  
In today’s consumer market, DVD uses PC technology, while mini-disk (MD) uses 
MO technology. PC technology has many advantages that make it attractive. PC 
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technology [1] [2] needs an optical head with few components, which makes the 
alignment easy and a compact integrated optical head practical. PC technology also 
has higher carrier-to-noise ratio (CNR) than MO technology because the magnitude of 
the PC signal is several orders higher than that of MO signal. Furthermore, direct 
overwrite can be achieved by laser modulation in PC technology. And PC disc drivers 
are compatible with existing CD-ROMs and CD-Rs because they are all based on the 
reflective difference of amorphous and crystalline phase of the PC media. Table 1.1 
summarizes the characteristics of two technologies as compared to CD-ROM 
[1][2][3]. It is apparent that PC technology is playing more and more important role in 
optical data storage.  
Table 1-1 Technology comparisons of CD, phase-change and MO disks  
Term CD Disk Phase-change Disk MO Disk 
Read/write head Optical head Optical head Optical head and 
Magnetic head 




Diffraction Refraction index 
change 
Polarization Change 
Signal Detection Reflectivity 
change 














Substrate materials Polycarbonate Polycarbonate Polycarbonate 
Reflection layer Al-alloy Al-alloy Al-alloy 
Active layer  GeSbTe TbFeCo 
Dielectric layer  ZnS-SiO2 SiN 
Function Read-only Overwrite Overwrite 
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In PC optical disk, recording and erasing are achieved by the crystallographic 
structural changes of thin films heated by a laser pulse. The reproduction of recorded 
information takes the advantage of the fact that PC materials have different optical 
indices in their crystalline and amorphous states, leading to different reflectivities.  
Density, data transfer rate and overwrite cycle are the three most important 
parameters in PC optical data storage. Recording density is related to mark size. The 
smaller the mark size, the higher the recoding density. There are many methods to 
increase the recording density such as short wavelength, large numerical aperture 
(NA), mark edge recording, land and groove recording, dual layers recording, 
multilevel recording, near-field recording and super resolution  near-field system 
(Super-Rens). 
The maximum data transfer rate that can be achieved in PC optical data storage is 
highly dependent on the phase transition speed of phase change materials. By 
increasing the linear velocity of the disc and reducing the laser pulse duration, the 
dwell time of the laser spot decreases, leading to a shorter energy deposition time for 
phase transitions. 
Overwrite cycle is related to PC materials and structure. Repeated melting, 
crystallization and amorphization of PC media result in material segregation, stress 
buildup, microcrack formation etc. These factors tend to reduce the data reliability 
and cyclability of PC media. 
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1.2 Motivation of the project 
With the increasing usage of multimedia, PC rewritable optical discs are becoming 
more and more popular nowadays due to their CD and DVD compatibility. Many 
effects have been done to increase density, data transfer rate and overwrite cycle. This 
project will focus on the data transfer rate, which is highly related to phase transition 
time of phase change media. 
In conventional phase change optical disk, recording and erasing are achieved by laser 
pulses emitted from semiconductor laser diodes with nanosecond duration that 
thermally induce crystallographic structural changes in the phase change media, thus 
limiting the data transfer rate to megabyte per second. Furthermore, thermal diffusion 
is one of the fundamental limitations in the conventional phase change optical disk 
which uses rather long pulse duration of 10 ns to 60 ns. Thermal diffusion will not 
only make the mark size wider than laser spot size which reduces recording density, 
but also deform the disk layer.  
A short pulse is believed to be very promising for optical data storage due to its 
efficient delivery of optical power and extreme suppression of the thermal diffusion 
effect. Intense femtosecond (10-15 s) laser can excite a dense electron-hole population 
in semiconductors, which causes the materials in the most extreme non-equilibrium 
conditions and gives rise to novel and unusual phase transitions. Nonthermal phase 
transitions induced by femtosecond pulse have been reported in many materials such 
as Si [5][6][7], GaAs [8][10][11][12][13], GeSb [14], InSb [15]. If femtosecond pulse 
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can induce crystalline to amorphous and amorphous to crystalline phase transitions in 
phase change media, it might greatly increase data transfer rate to terabyte per second. 
Motivated by its potential prospect in phase-change optical data storage, considerable 
effort has been contributed to the interaction of short laser pulse with phase-change 
media for both fundamental studies and application [13][16][17][18][19][20][21][22] 
[23][24]. Electron diffraction [16][17][22] clearly shows that nano-, pico-, and 
femtosecond pulses above a certain threshold fluence (Fcr) transform amorphous GeSb 
permanently to a stable crystalline phase. Fcr exceeds the fluence Fm required for 
melting, and for fluence between Fcr and Fm, the material reamorphizes on 
solidification. Jolis et. al., [18] investigated the threshold crystallization energy 
density of amorphous GeSb films as a function of the laser pulse duration in the range 
from 170 fs to 8 ns. They found that enhanced crystallization occurs for pulse shorter 
than 800 fs and proposed that the crystallization mechanism is electronically 
enhanced crystallization for pulse shorter than 800 fs. K. Sokolowski-Tinten [8] used 
time resolved imaging to study structural transformations induced by intense 100 fs 
laser pulses in amorphous GeSb films and found the formation of a transient 
nonequilibrium state of the excited material within 300 fs. Callan [13] used time-
resolved measurement of the spectral dielectric function to investigate femtosecond 
laser induced phase transition in amorphous GeSb and proposed an ultrafast phase 
transition from amorphous phase to another disorder state within 200 fs after 
excitation by intense femtosecond pulse. Ohta and co-workers [24] first studied the 
interaction of femtosecond laser pulse with ternary alloy of GeSbTe. They reported 
that single 120 fs laser pulse could induce an amorphous mark at crystalline 
Chapter 1 Introduction  
 7 
background accurately in the laser spot without the crystalline edge in GeTe-Sb2Te3-
Sb sandwich structure. However, whether femtosecond pulse can induce crystalline to 
amorphous phase transition in other phase change materials or amorphous to 
crystalline phase transition in phase change materials or not has never been 
investigated yet.  
Furthermore, it is also very important to understand the mechanism of the phase 
transitions in phase change media in order to increase data transfer rate. Fundamental 
physical and chemical processes involving hot carriers, such as carrier and lattice 
dynamics, occur on timescales of femtosecond to picosecond. Femtosecond laser can 
afford high temporal resolution for observation and study of these fundamental 
processes. Thus the focus of this thesis is the interaction of femtosecond laser with 
phase change media. 
1.3 Objectives 
The present study focused on the interaction of femtosecond laser with PC media. The 
main objectives were: 
· To investigate the possibility of ultrafast phase transitions in GeSbTe media 
triggered by single femtosecond pulse with a self-built static experiment setup. 
· To study the mechanism of the ultrafast phase transformations in GeSbTe by 
real time measurement of transient reflective intensity with time-resolved 
microscopy[25] which has femtosecond time and micrometer space resolution. 
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· To study the interaction of femtosecond laser with superlattice-like structure to 
elucidate the phase transitions triggered by femtosecond pulse and reveal the 
mechanism of the ultrafast phase transformations. 
These three topics are very important to PC optical data storage. The static 
experiments will show whether femtoseond pulse can induce any phase transition in 
PC media or not. The real time reflective intensity measurements will be important for 
understanding how the energy is transferred from photon to carriers, and then from 
carriers to lattice. It may also reveal the mechanism of the ultrafast phase transitions 
such as whether it is thermal or non-thermal. It can be used to improve data transfer 
rate of optical data storage via designing the PC media composition and multilayer 
structure to shorten the phase transition time. Our study could provide possible access 
to achieve 1 terabyte per second date transfer rate.  
1.4 Organization of the thesis 
The second chapter of this thesis will begin with a brief introduction to the 
development of phase change optical data storage followed by a discussion of the 
media used in phase change optical data storage. The principle of phase change 
optical data storage will be demonstrated. And the techniques and prospects of phase 
change optical data storage will be presented in the end of the chapter. 
Chapters 3-6 are the core of the thesis. Our femtosecond laser system will be 
introduced in the beginning of chapter 3. Then the two experimemtal setups will be 
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presented. Chapter 4 will describe femtosecond pulse induced phase transitions in 
phase change media and chapter 5 will present the ultrafast dymanics in phase change 
media triggered by femtosecond pulse. Whether single femtosecond pulse can induce 
ultrafast phase transition in superlattice-like phase change media will be investigated 
in chapter 6. 
This thesis will end up with a summary of all the results obtained and the potential 
future work. 
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Chapter 2 Phase change optical data storage 
With the increasing usage of multimedia, phase-change optical disks are becoming more 
and more popular. In this chapter, the principle of phase change optical data storage will 
be introduced first, followed by the development of phase change optical data storage 
media. Then the two widely used phase change media will be discussion. The typical 
phase change disk structure and key performance parameters will also be presented. The 
chapter ends up with an outlook of the future trends in phase change optical data storage. 
2.1 Principle of phase change optical data storage 
 
Figure 2.1 Principle of phase-change recording and temperature profile of the recording 
layer in writing and erasing process. 
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The principle of phase change optical data storage [27] is based on the concept that some 
physical property of microscopic area of recording layer on disc surface is altered due to 
crystallographic structure changes when the films are irradiated by laser pulses. The 
reproduction of the recorded information takes the advantage of difference in reflectivity 
due to the difference in refractive index between two phases (Figure 2.1). 
Although there may be two types of phase changes: one is between amorphous and 
crystalline phases and another is between two different crystalline phases, the materials 
used in phase-change optical disks are only the amorphous-crystalline type.  
Before recording data on the phase change optical discs, the as-deposited amorphous 
films have to be initialized to the crystalline state. In the writing process (Figure 2.1), the 
amorphous state is achieved by heating the phase change thin films with sufficient laser 
power to melt the material over its melting point and then being rapidly quenched to 
room temperature. As the atoms in melting state are in disordered state and the cooling 
rate of the area irradiated by laser pulses is very high, the time is not sufficient for the 
atoms to be arranged into order structure; thus amorphous mark are formed. The absolute 
minimum quenching rates required for amorphization are different for various materials, 
ranging from 107 to 1011 deg/s. 
In the erasing process (Figure 2.1), the crystalline phase is realized by annealing the 
phase change films at the temperature between crystallization temperature Tc and melting 
point Tm with a medium power laser irradiation. During the irradiation period, the atoms 
of phase-change media are rearranged into the ordered structure; thus amorphous region 
can be changed to the crystalline state.  
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The phase-changes in the phase-change optical discs are accomplished by using the 
irradiation of laser light, which typically have a diameter in the order of 1 μm. When a 
laser beam having a 1 μm diameter traces on the recording thin films at a linear velocity 
of 10 m/s, as shown in Figure 2.2 (a) irradiation time of a point on the films is only 100 ns. 
Hence, the energy deposition time is within this time duration. The recorded mark of optical 
disc is normally smaller than the laser beam size, this is because of the Gaussian distribution 
of the laser beam. Figure 2.2 (b) shows the gaussain distribution of laser beam. 
Laser power 10 mW
Linear velocity 10 m/s
1 mm2
Power density 10 kW/mm2

















Figure 2.2 (a) Schematic representation of optical recording. (b) Gaussian beam 
distribution of laser beam in optical recording (A refers to amorphous phase and C refers 
to crystalline phase). 
 
Assuming that the laser power is 10 mW, the power density of the light spot is up to the 
order of 10 kW/mm2. It is possible to shorten the energy deposition time for amorphizion, 
because the amorphizion is achieved by the melting and quenching process. However, 
the crystallization process requires a time duration determined by the physical characters 
of the material because during crystallization the atoms or molecules are re-arranged. In 
other words, each material has its own crystallization speed. Consequently, the materials 
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for phase-change optical disks are required to have not only the high thermal stability of 
the amorphous state but also a high crystallization speed to enable that the rearrangement 
process of atoms can be realized within the energy deposition time of 100 ns. 
The direct overwriting is a common performance in magnetic recording. However, it is 
an issue for optical recording due to heating mode technology in current optical 
recording. 
 
Figure 2.3 Overwriting methods of phase-change optical recording. 
 
If a thin film material has sufficiently high crystallization speed and the atoms can be 
rearranged with a short duration time of the laser beam, the direct overwriting can be 
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accomplished by laser power modulation between a peak recording power level and a 
bias erasing level as shown in Figure 2.3 [28]. Before overwriting, there are some 
amorphous or recorded spots on the track. When peak power laser is applied, it raises the 
temperature to above the melting point and quenches rapidly so that an amorphous mark 
is written on the same track. These amorphous marks are formed on the original spots of 
either amorphous mark or crystalline phase. When the bias power laser is applied, it 
heats up the phase-change media to a temperature between the crystallization 
temperature and the melting point so that crystalline phase is formed. This overwrite 
method shows that no matter whether the phase is amorphous or crystalline before 
overwriting, films irradiated with the peak power become amorphous phase, and those 
irradiated with bias power are changed to crystallize phase. 
2.2 Development of phase change optical data storage 
media 
Phase change (PC) optical disk is one important type of rewritable (RW) optical disk 
available nowadays. When selecting a suitable material for the erasable phase-change 
recording layer, there are several important factors that must be considered:  
1) Optical constants. The material must be chosen such that it has enough absorption 
that shifts in the visible or near-infrared region with phase transitions. Hence, metals 
and insulators are eliminated, leaving only semiconductors. Amorphous 
semiconductors [29] which have limited long-range periodic order possess optical 
Chapter 2 Phase change optical data storage  
 15 
behaviors that are far from their crystalline counterparts. 
2) Melting point. Because the material must be melted by laser power, the melting 
point cannot be too high. However, if it is too low, self-crystallization may occur, 
resulting in the amorphous phase unstable at room temperature. Hence, the materials 
are limited to those with melting points in the range of 500~1000 °C and glass 
transition temperature about 1/2 to 2/3 of the corresponding melting point.  
3) Crystallization speed. The faster the speed at which the phase-change material 
crystallizes, the shorter the erasing time. To achieve rapid crystallization, the 
materials should have: (a) large atomic mobility in the amorphous and supercooled 
states and (b) short atomic diffusion distance from the atomic location in the 
amorphous state to the lattice sites of the crystalline state. Atomic mobility is 
controlled by the viscosity of the supercooled liquid. Generally speaking, a weak 
bond indicates a low viscosity force among atoms, which increases atom mobility 
and crystallization speed. 
4) Read/write cyclability. The materials should be transformed between amorphous and 
crystalline phase for many times. Usually, the materials without phase separation 
during the reversible phase transitions should have good read/write cyclability.  
Research on phase change optical data storage media began many years ago. In 1968, S. 
R. Ovshinsky [30] discovered a rapid and reversible transition between a highly resistive 
(disorder structure) and conductive state (order structure) in chalcogenide materials due 
to the reversible phase transition between amorphous and crystalline phase induced by an 
electric field. This order-disorder memory phenomenon was later called as “Ovonic 
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memory”.   
Soon later, a laser optical memory phenomenon in chalcogenide materials was observed 
by Feinleib [31]. High speed and reversible phase transitions between amorphous and 
crystalline phase could be triggered by short laser pulse in Te81Ge15Sb2S2 composition 
material, which led to a sharp change in optical reflection and transmission because of 
different refractive index of amorphous and crystalline phases.  
In developing the phase change optical data storage medium, the main issues are the 
stability of the film materials, the stability of the reversible cycle characteristics and 
overwrite function. Because amorphous chalcogenide materials are not stable at room 
temperature due to the rather low glass transformation, for example, the glass 
transformation of tellurium is ~10 °C [32], the search of potential materials for phase 
change optical data storage had mostly been based on one approach: alloy chalcogenide 
materials with other elements to achieve desired properties. A familiar example of this 
approach is doping Ge and As with Te [33][34] to increase the stability of the amorphous 
phase at room temperature and to determine their feasibility as phase change optical 
storage media. However, these media showed limited reversibility as only 10-20 
write/erase cycles were achieved. This poor reversibility was due to the irreversible 
formation of a phase mixture comprising of telluric microcrystals and amorphous 
chalcogenide glass as well as to an irreversible destruction of the filmsby hole formation. 
Furthermore, the light energy required to obtain a definite degree of crystallization 
changed as the number of cycles increased [34]. This aging effect further limited the 
usage of these media as phase change optical data storage media. 
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Bell [35] suggested that hole formation could be restrained by encapsulation with a 
capping layer. He demonstrated 50 write/erase cycles of pure tellurium films without any 
hole formation or impairment of the optical signal.  
Great progress was made in 1983 by Clemens [36]. By using low-doped Te films 
(Te96.8As3.0Ge0.2) with thick capping layers, he realized a reversible optical storage with 
over 4x104 possible write/erase cycles. In the same year, Takenaga et al. [37] claimed 106 
write/erase cycles on a disk with 55 dB carrier-to-noise ratio (CNR) using a tellurium-
oxide-based active layer. The amorphization was easily achieved and the data stability 
was longer than 1 year. However, the erasion time was longer than 1 us and the observed 
optical property changes were mainly due to the segregation of Te from TeO2 matrix [37] 
which had an adverse effect on the reversibility of the TeOx based optical recording 
media. Furthermore, Te segregation from TeO2 matrix caused nucleation and crystal 
growth, resulting in undesirable effect on the read back signal after recording. 
In 1985, Chen et al. [39] demonstrated for the first time that as-deposited amorphous 
Te87Ge8Sn5 films could be optically switched between the crystalline and amorphous 
states more than 106 times. The reversibility was not limited by phase segregation, but by 
ablation. The medium had high crystallization temperature and hence long data retention 
time. But for optical data storage application, the minimum erasure time should be 
reduced and the crystallization temperature should be further increased. One year later, 
Chen [40] investigated the laser induced and heating induced crystallization of Te1-xGex. 
They found that films with compound compositions, Te and GeTe, can be crystallized 
using laser pulses of less than 100 ns duration. Furthermore, GeTe had a crystallization 
Chapter 2 Phase change optical data storage  
 18 
temperature of 170 °C, which implied long-term data stability. They argued that choice 
of compound materials which did not require phase separation upon crystallization could 
results in sub-100 ns erase speeds. If the compound materials have high glass transition 
temperatures and sufficiently high melting temperature, the fast-switching capability, 
from the amorphous to the crystalline state and backward, can be achieved 
simultaneously with long-term data (amorphous phase) stability. This allowed a much 
simple optical head with single-laser beam to be used for both writing and erasing and 
the feasibility of the phase change optical recording system was greatly enhanced. 
In 1991, Yamada [40] found that stoichiometric compositions on the GeTe-Sb2Te3 
pseudobinary line, GeSb2Te4 and Ge2Sb2Te5, were good candidates for PC media in 
optical data storage. They had large optical contrast between the amorphous and 
crystalline phases. When sandwiched by heat-conductive ZnS layers, these materials can 
be transformed rapidly and reversiblely between the amorphous and crystalline phases by 
laser irradiation with very short duration, less than 50 ns.  The quick amorphization is 
due to extremely high cooling speed of the sandwiched films: ~106 deg/s, which permits 
the molten materials to solidify while keeping the atomic distribution of the liquid state. 
The fast crystallization is attribute to their two-step crystallization processes [42][43][44]. 
When the amorphous phase of stoichiometric compositions on the GeTe- Sb2Te3 
pseudobinary line is crystallized into a stable hexagonal (HEX) structure at high 
temperature, it first transforms into a metastable face-centered cubic (FCC) structure at 
lower temperature. The metastable FCC structure has a high symmetric isotropic 
structure similar to that of amorphous structure and crystallization from amorphous to 
FCC structure occurs without phase separation of the stoichiometric compositions. 
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Atoms need to travel only short distance from the amorphous phase to FCC crystalline 
lattice. This allows the fast crystallization of stoichiometric compositions on the GeTe-
Sb2Te3 pseudobinary line from amorphous to FCC crystalline phase. 
AgInSbTe system was first proposed in 1992 by Iwasaki et al. [45] as a completely 
erasable phase change material. This material has many advantages, especially in pulse 
width modulation recording, such as high erasability and high controllability of mark 
length. They suggested that the narrow widths of the written marks and no large 
crystalline grains in the periphery of the written marks were the major causes for the high 
erasability. Thus AgInSbTe based PC media could also be used in high density 
rewritable disc systems [46]. 
Other significant developments in phase change media include that In-Se-Tl media 
reported by T. Nishida [47] in 1987 had a short crystallization time of 0.2us and 
In3SbTe2 presented by Maeda [48] in 1988 had reversible cycles above 105. All of these 
media are good candidates for phase change optical data storage with high-speed erasing 
and long-term data stability. Furthermore, all these media can be overwritten directly 
with a single laser beam. 
2.3 Media widely used in phase change optical data 
storage 
Many materials, such as In-Sb, Ag-Zn, In-Sb,Ge-Sb-Te, Ge-Te-Sn, Sb-Se-Te, Ga-SeTe, 
In-Sb-Te, Ag-In-Sb-Te etc, have been reported to be potential candidates for phase-
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change optical data storage [49]. Among all kinds of phase-change materials, 
stoichiometric compositions along GeTe-Sb2Te3 pseudo-binary line (here referred to as 
GeSbTe) and quaternary AgInSbTe alloys are widely used in phase change optical data 
storage. GeSbTe materials possess both the stability of the amorphous states and the high 
crystallization speed [41]. Rescent research [50] showed that crystallization and 
amorphization processes in GeSbTe do not required the rapture of strong covalent bonds 
and the transition is diffusionless. The reversed transformations could achieve easily 
because te sublattice is partially preserved and the local structure around Sb is conserved. 
 
Figure 2.4 Composition dependence of the minimum laser-irradiation duration to cause 
crystallization in 100nm thick Ge-Sb-Te films sandwiched between 100nm and 200nm 
thick ZnS layer. 
 
Figure 2.4 gives an indication of the minimum laser pulse duration required for 
crystallization of various compositions in the GeSbTe system [41]. These compositions 
show good overwriting characteristics. Because no phase separation occurs at 
stoichiometric compositions, compositional deviations are minimized as phase changes 
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are cycled. The properties of these compounds are shown in Table 2-1 [51].  







Ge2Sb2Te5 142 2.23 616 
GeSb2Te4 131 1.82 614 
GeSb4Te7 123 1.52 607 
 
Quaternary AgInSbTe alloys [45][52][53] are also widely used in phase change optical 
data storage because they can be completely erased and the mark length can be easily 
controlled. AgInSbTe alloys also have low jitter [52][53] which can be attributed to the 
mechanism by which amorphous marks are erased, i.e., via growth of the crystalline edge 
towards the mark center, resulting in marks with well-defined edges. The nature of this 
re-crystallization process also has an effect on the time required to erase marks of 
different size: the minimum laser pulse duration required to erase amorphous marks 
decreases with decreasing mark size. As a result, the maximum data rate of a particular 
AgInSbTe recording stack increases with decreasing laser spot size.  
2.4 Disk Structure of Phase-change Optical Disk 
Figure 2.5 shows the typical structure of a phase-change optical disk of quadra-layered 
thin films on the polycarbonate substrate. The phase change layer is sandwiched by two 
dielectric protective layers made of Zn-SiO2, and a reflective layer made of Al alloy. The 
design of the individual layer thickness and the choice of material used are very 
important in the manufacture of phase-change optical disks due to the following reasons:  
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· Optically, the layers are required to have large absorption efficiency of laser light and 
large signal amplitude corresponding to the reflectivity difference between the 
amorphous and crystalline states.  
· Thermally, heating efficiency and rapid quenching condition for amorphization have 
to be balanced and met by the disk structure design.  
· Mechanically, the disk should withstand the thermal stress caused by the repeated 
heating and quenching cycles [54]. 
 
Figure 2.5 The structure of a typical phase-change optical disk. 
 
The protective dielectric layers and reflective layer have following functions: 
· Mechanical protection against humidity and prevention of thermal damage to the 
substrate. 
· Optical enhancement of reflectivity difference between amorphous and crystalline 
phases. 
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· Controlling thermal condition during the recording and erasing processing. 
For the reflective layer, the material should have properties that allow it to act as a 
mechanically protective layer and as a reflector. As a heat sink, it prevents thermal 
damage of the substrate as well as promotes rapid cooling of the phase-change layer by 
quenching it into the amorphous state during writing cycles. It also acts as a reflector of 
the laser light so as to achieve high sensitivity for measurements to attain the necessary 
CNR value. 
The dielectric layer is made of the ZnS-SiO2 compound. ZnS has a large refractive index 
of 2.4 which permits better laser spot size resolution while its high melting point of 1700 
°C ensures that it is not melted by the laser heat.  SiO2 is added into ZnS to make an 
amorphous like structure with smaller grain size and to decrease its internal stress and 
reduce degradation on heating cycles of phase-change recording. ZnS-SiO2 does not 
show grain growth phenomena even after 700 °C annealing and is therefore a thermally 
stable protective layer for phase-change optical disks, which allows millions of 
read/write cycles of phase change layer. 
The lower layer is designed to be relatively thick to impede heat diffusion from the 
phase-change layer to the substrate. This is because the heat dissipated from the 
recording layer must not be allowed to damage the substrate, which has a lower tolerance 
for heat. In addition, this layer provides anti-reflection and also functions to couple more 
laser lights into the active layer to ensure sufficient quantity of heat in the recording spot 
of the films during writing. 
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The upper layer is designed to be relatively thinner to allow the heat generated from the 
recording layer to dissipate through it quickly to the top metallic layer in order to achieve 
a rapid cooling effect. Thus, a thin layer improves the writing characteristics as the 
temperature of the melted recording spot can be decreased rapidly after writing, which 
allows the written spot to amorphize quickly. 
A rapid quenching structure has been proposed to withstand the thermal stress caused by 
the repeated heating and quenching cycles. In this rapid quenching structure, the phase-
change, as well as the dielectric layer between the reflective and phase-change layer are 
deliberately made thin. This will allow the thermal energy produced in the recording 
phase-change layer to be diffused rapidly, leading to less damage to the other layers.  
As a result, it was reported that a million cycles of overwrite has been achieved [54]. The 
life spans of the phase-change optical disks have also been investigated and have been 
found to be sufficiently long for practical use. From an accelerated aging test, the life 
spans were estimated to be more than 60 years in the environment of 32 °C and 80% 
relative humidity.  
Consequently, the degradation of the protective layer during heating cycle of phase-
change recording is fairly reduced, enabling the possibility of overwriting cycles in the 
order of millions of times. 
2.5 Techniques for phase-change optical data storage 
Numerous technologies have been introduced to improve the performance of the phase-
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change optical data storage: (1) to achieve higher recording density [55]; (2) to increase 
the data transfer rate; (3) to achieve long overwrite cycle. Advancement has been made 
in the area of optical system, coding/modulation, disc structure, and signal processing 
scheme. Many kinds of methods have been proposed, such as land/groove recording, 
shorter laser wavelength recording, near-field phase-change optical recording, multilevel 
phase-change recording and super-resolution near-field (super-RENS) phase-change 
optical recording, dual layers recording etc. The most promising techniques will be 
discussed in the following section. 
2.5.1 Land/Groove Recording 
 
Figure 2.6 Schematically show the land and groove recording method. 
 
In the early rewritable phase-change discs, marks were recorded only on the grooves, 
whereas the lands served as the guides for tracking and the suppression of heat flow from 
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the adjacent groove tracks. Recording on both the land and groove area is one of the 
simplest methods for doubling the track density [56][58], as shown in Figure 2.6. Both 
the land and groove have similar widths and are available for recording. The advantages 
of this recording method are as follows:  
· Doubling track density with conventional optical heads and drivers  
· Compatible to conventional disk fabrication process. 
However, this track density doubling leads to the problem of two forms of interference 
between adjacent tracks, namely optical cross-talk and thermal cross-erasure [59]. The 
former occurs as a result of the interference of light reflected from both the land and 
groove areas during reading. The latter arises due to excessive heat flowing from the 
laser-irradiated area, for example, the groove area to the land area, resulting in an 
existing spot there to be erased. 
2.5.2 Shorter Wavelength Recording 
Optical pick-up systems with coherent light sources of short wavelength and high 
numerical-aperture (NA) objectives are essential to improve resolution because the light 
beam spot size is determined by the diffraction limit which is approximately 0.6l/NA. 
Currently GaN blue laser diodes [60][61][62] with the wavelength of 405 nm, an output 
power over 50 nW and a lifetime over 3000 h are available and used for phase-change 
optical data storage. The numerical aperture is 0.85. The cover layer is 0.1 mm and the 
substrate is 1.1 mm. The data bit length is 103 nm, which gives rise to approximately 27 
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GB of formatted user capacity for a single side 120 mm-diameter disk. 
The storage capacity can be further increased by using shorter wavelength lasers or 
objective lenses with a higher NA, or a combination of both. The development of shorter 
wavelength laser light or objective lenses with a higher NA will be inevitable in the 
pursuit of high-density recording in the near future. For a better understanding of the 
respective characteristics of the three important phase-change media (CD, DVD and BD), 
it will be instructive to compare them as shown in Table 2-2. 
Table 2-2 Technology Comparison of CD, DVD and BD 
                 CD DVD BD 
l (nm) 780 650 405 
NA 0.45 0.65 0.85 
Cover (mm) 1.2 0.6 0.1 
Capacity (MB) 650  4.7 27 
Data rate (Mb/s) 1.2  11.2 36 
 
2.5.3 Near-field Phase-change Optical Data Storage 
The data density of the optical recording disc is mainly dependent on the light beam spot 
size. In conventional optical recording system, the beam spot size, which is 
fundamentally limited by the optical diffraction limit, can be reduced by using a light 
source with shorter wavelength or an objective lens with larger NA. Currently, a Blu-ray 
DVD disc has a high storage capacity of 27 GB. But further capacity expansion is 
restricted by the NA of objective lens and the availability of short wavelength light 
source.  
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Near-field optical technique is one of the promising candidates showing a possibility for 
realizing ultra-high density over the diffraction limit. This method is based on the usage 
of an optical near-field generated from a sub-wavelength aperture. The near-field optical 
system, which makes use of the solid immersion lens (SIL), is very attractive for ultra-
density optical data storage. It can obtain a 360 nm optical spot size with 830 nm light 
[63] and reading and writing of data are achieved at a density of 3.8×  108 bits/cm2 with a 
data rate of 3.3 ×  106 bits/s. Using a SIL made from n=1.83 glass, it achieves a 317 nm 
spot size with 780 nm light and a 125 nm focused spot size with blue light [64]. If the 
objective lens is mounted on a slider in the near field optics, similar to the magnetic head 
in a hard disk, a single-layer capacity of 60– 100GB might be possible with numerical 
aperture of 1.4 or even 2. 
Another approach which goes beyond the optical diffraction limits and realizes ultra 
high-density optical data storage is super-resolution near-field structure (super-RENS). 
As first proposed by Tominaga et al., [65] in 1998, it employed a thin mask layer (Sb) 
and modified the distance between the mask layer and recording layer to integrate optical 
near-field and super-resolution techniques into one disk. A small aperture produced in 
the mask layer can operate as an optical near-field probe similar to a scanning near-field 
optical microscope (SNOM) in the readout process. Super-RENS is a new technique for 
recording and retrieving small marks beyond the optical diffraction limit, rather than by 
using a laser with shorter wavelength or an objective lens with higher numerical aperture 
(NA).  
Later, a new mask material was proposed and light scattering-mode super-RENS (LSC 
super-RENS) was realized by adopting a silver oxide (AgOx) films instead of Sb [66]. 
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The recording layer is Ge2Sb2Te5 phase-change film, whose crystallization temperature 
(~ 433 K) is close to the decomposition temperature of the AgOx mask layer (around 433 
- 473 K). During the readout process, silver oxide thin layers thermally decomposed into 
silver particles which were used to work as a light scattering center and produced an 
optical near-field around the scattering center. The scattering center worked as an 
aperture-less probe in LSC super-RENS and could retrieve recording marks beyond the 
optical diffraction limit in super-RENS. But the recorded marks are unstable during the 
readout process because the distance between recording layer and mask layer is about 50 
nm. This problem can be solved by introducing thermal shield layer [66]. 
Recently, the same group observed a huge signal enhancement in a super-resolution near-
field structure disk with a platinum-oxide layer as the mask layer and GeSbTe as the 
phase change layer because 200 nm bubble pits were formed in good separation and 20 
nm platinum particles precipitated inside [67]. The CNR of 200-nm-mark trains reached 
46.1 dB, and 42.3 dB was obtained even at 150 nm mark trains using the same optical 
system as that of a digital versatile disk (a 635 nm wavelength red laser system). With 
AgInSbTe as active layer, the CNR of over 47 dB for 100 nm mark length signals (over 
43 dB for 80 nm mark length signals) was obtained [68]. By using a new structure of 
ZnS-SiO2 inserted PtOx layers for blue laser system, they obtained CNR of above 33 dB 
at the 37.5 nm mark which is equivalent to 100 GB capacity with 0.32 mm track pitch 
[69]. 
The researchers in our group proposed a new super-resolution near-field optical disk with 
an additional localized surface plasmon coupling layer and observed the recording marks 
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as small as 31 nm at the wavelength of 650 nm [70]. With a thermal shield layer, the 
observable smallest marks were 16 nm at the wavelength of 405 nm [71]. These results 
represent a potential for a much higher-density storage using the red laser system and a 
sub-terabyte optical storage using the blue laser system. 
2.5.4 Multilevel Phase-change Recording 
Multilevel data storage is very attractive due to its increasing disc capacity as well as 
data transfer rate [72][73]. Many attempts have been made to realize multilevel recording 
in optical disc recording. By controlling the pulse power amplitude, multi-level reflection 
modulation recording can be realized. Different levels of input power give rise to 
different reflection levels. The combination of size effect and partial crystallization effect 
was proposed as main reasons to cause the multi-level reflection. The feasibility of 8 
levels [74] and 12 levels [75] multilevel technology on a red laser DVD rewritable base 
has been demonstrated. Proof of feasibility has also been demonstrated on a blue-laser 
tester using a 0.6mm substrate and 0.60NA lens [76] and a blue-laser tester with 0.85NA 
lens using media with 0.1mm cover [77]. Hieslmair et al [78] reported over 34 GB 
rewritable multi-level recording using blue laser with 0.85 NA lens and 0.1 mm cover 
layer. 
2.6 Future development of optical data storage 
In the era of the Internet, massive amounts of information and multimedia can be easily 
accessed in every corner of the world. The demand for larger storage capacities of ever 
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smaller devices, lower cost and faster storage media is ever increasing. 
Current phase change optical data storage technologies offer unparalleled capacity and 
reliability for long-term data storage and archive applications. Today, the rewritable 
phase-change optical disks in the form of DVD-RAM 4.7 GB have been very popular. 
Recently, the 3rd generation optical disks, blue-ray disks (BD), are coming into market. 
Sony Electronics, well established in the professional storage market, released at 
CNETAsia News on April 8 2003 that the 1st generation of BD capable of storing up to 
23 GB on a single recording side with dual recording layers. The 2nd generation BD with 
capacity of 50 GB and 3rd generation BD with capacity of 100 GB will be available in 
2005 and 2007, respectively. These technologies all use small marks to store bits of 
information. 
The pusuit of optical disk with larger storage capacities and faster data transfer rate will 
continue. To further increase the storage capacity, the data should be recorded in even 
smaller mark by using shorter wavelength lasers or objective lenses with a higher NA, or 
a combination of both, or near field technology. However, there is strong evidence that 
optical data storage are approaching fundamental limits that may be difficult to overcome 
as the ever-smaller regions that store bits of information become harder to access. 
Researchers are seeking options for the next generation optical data storage. An 
intriguing approach is Mansuripur’s unique proposal [79]. Many problems of current 
data storage are due to that the data-blocks are confined and the read/write head is mobile. 
If the read/write head is fixed and the data-blocks can move freely between read/write 
head, what will happen? M. Mansuripur presented this approach for the new generation 
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data storage [79][80][81]. In his vision, the mimicking of the biological systems and 
individual molecules which are mobile are used to storage information. The individual 
nanometer sized molecules - strung together in a flexible macromolecular chain - will 
represent the 0's and 1's of binary information. The read/write head is fixed within an 
integrated chip so that a large number of read/write heads could operate in parallel and 
the heads and parking spots would be constructed (layer upon layer) in a truly 3-
dimensional fashion. In this scheme, the storage capacity of the 106 parking spots will be 
1012 bytes/cm2 and 1015 bytes/cm3 in a three-dimensional design based on 10 mm thick 
layers. However, whether this scheme could be realized or not is not clear yet. 
Increase of rotation speed is always used to achieve high data transfer rate in optical diak. 
To obtain the same storage capacity at higher rotation speed as that at lower rotation 
speed, the laser pulse duration should be reduced to achieve the same mark size. 
However, there may exist minimum laser pulse duration for phase transition of phase 
change media to occur. Although Ohta [24] reported that single 120 fs laser pulse could 
induce crystalline to amorphous phase transition in 20 nm Ge2Sb2Te5 films, short laser 
pulse, such as femtosecon or picosecond, may not trigger crystalline to amorphous phase 
transition in phase change media. Our study focused on the interaction of femtosecond 
laser with phase change media to investigate whether femtosecond pulse can induce any 
phase transitions in phase change materials or not. It may provide the posibility to 
increase data transfer rate for future application. 
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Chapter 3 Experimental tools and setups  
Intense femtosecond laser pulses excite a dense electron-hole plasma in a semiconductor, 
which causes the material in extremely nonequilibrium condition and leads to novel 
structural transitions [5][6][7][8][9][10][11][12][13][13][15]. Femtosecond pulses also 
have high temporal resolution which allows investigating the dynamics of the laser-
induced transitions. Motivated in part by potential applications in materials processing, 
optical switching and optoelectronic devices, considerable effort has been contributed in 
the past two decades to observing high-density carriers dynamics and understanding 
atomic motion during subpicosecond laser-induced phase transitions. 
The experiments described in the next three chapters in this thesis were carried out using 
the Spectra-physics femtosecond laser system. In this chapter, the laser system will be 
introduced first. A cw Argon ion laser pumps a mode-locker Ti: sapphire laser. The 
Spitfire amplifies pulses from the mode-locked laser at the repetition rate of 1-1000 Hz. 
Then the details of our two experiment setup will be presented. This chapter ends with a 
critical assessment of the experimental method, presenting its strengths and limitations 
and offering proposals for future improvement. 
3.1 Femtosecond laser system 
 
Figure 3.1 shows the Spectra-physics femtosecond laser system. The Millennia laser 
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pumps a cw mode-locked Ti: Sapphire laser, producing the ultrashort pulses (100~130 fs) 
with approximately 500 mW power at the wavelength of 800 nm and repetition rate of 82 
MHz. The Spitfire which is pumped by a frequency doubled Evolution Nd: YLF laser, 
stretches, amplifies and then recompresses these short pulses to achieve a power of 600 
mW at the repetition rate of 0~1000 Hz. The pulse shape of the laser beam is Gaussian. 
 
 
Figure 3.1 Spectra-physics femtosecond laser system. 
 
As laser pulse duration shrinks in length, the measurement becomes very important 
because the short pulse is easy to be broadened. In our experiments, Femtochrome FR-
103MN Autocorrelater was used to measure the pulse duration of Tsunami femtosecond 
laser at the frequency of 82 MHz and Newport Video FROG was used to realtime 
measure the pulse duration of Spitfire Regenerative Amplifier at the frequency of 1000 
Hz. The measurement results are shown in Figure 3.2 and Figure 3.3, respectively.  
The calibration factor of Femtochrome FR-103MN Autocorrelater in our measurement is 
6.67 fs/ms. The conversion factor of the autocorrelation trace to the pulse width for 
Chapter 3 Experimental tools and setup  
 35 
Gaussian beam is 0.707.  
Figure 3.2 shows that the FWHM (full width half maximum) autocorrelation trace is 
15.704 ms. The FWHM pulse width of Tsunami femtosecond laser is equal to 
15.704x6.67x0.707=74.87 fs. And Figure 3.3 shows that the pulse duration of Spitfire 
Regenerative Amplifier is 108.09 fs. 
 
 
Figure 3.2 Measurement result of Tsunami femtosecond laser. 
 
 
Figure 3.3 Measurement result of Spitfire Regenerative Amplifier. 
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3.2 Static Experiment Setup 
The static experiment setup is used to investigate whether single femtosecond pulse can 
induce any phase transition in phase change materials or not. The setup is shown in 
Figure 3.4. The 100 fs pulses at the wavelength of 800 nm from the Sapphire amplifier 
passing through a fixed attenuator, an adjustable attenuator and a shutter is focused by an 
objective lens and is normal incidence on a sample. The stage, which holds the sample 
and the shutter, is controlled by a computer to ensure the number of pulses irradiated on 
the same place of the sample. Because ultra-short optical pulses can be easily broadened 
and distorted by common optical components, all the optical components in this setup are 
specially required for femtosecond application to reducing the broadening effects. For 
example, all the mirrors used in the setup have special dielectric coating which can 
sustain high chirp power of femtosecond pulses and produce less than 18% widening of 
pulse duration. 
 
Figure 3.4 Static experiment setup. 
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The static experiment setup can only indicated whether single femtosecond pulse can 
induce any phase transition in phase change material or not. To investigate the 
mechanism of the phase transformations triggered by femtosecond pulse, pump-probe 
experiment setup should be employed. 
3.3 Pump-probe Experiment Setup 
The common way to study the process of the changes in a material is to measure a 
parameter over time. For example, as a material is heated, its temperature can be 
recorded by measuring the amount of light emitted as a function of time, this can be 
down as follows: 
1) Open the shutter of a camera for a short time and measure the amount of light 
emitted.  
2) Repeat several times while the material is heated, tracking the time of each shutter 
opening 
3) Draw the measured light energy as function of time. 
However, this method cannot be used in fast processes when the open time of the shutter 
is longer than that for the entire process to finish. A technique called strobe photography , 
which is usually used to measure fast moving objects and requires a dark room, can 
solved this problem. It works as follows: 
1) Open the camera shutter. No light enters to shine the camera film. 
2) Emit a flash of light to illuminate the fast moving object of interest. 
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3) After this, close the shutter. 
Although the shutter is open for a long time, the material is only exposed when the flash 
is on. Hence the moving object is observed only for this length of time. This method can 
reach higher time resolution than standard photography because the flash of light can be 
made much shorter than the shutter open times. 
With sub-nanosecond pulses, the strobe photography is called pump-probe technique. 
One laser beam, termed pump beam, starts to induce changes in the material. After a 
certain time delay, a second weaker beam, called probe beam, interrogates the area of the 
sample that is changing. A detector or camera is used to measure the light that is 
reflected, transmitted, converted to second-harmonic frequency, or whatever. The delay 
between the pump beam and probe beam is varied by changing the distance that the 
probe beam passes through. Thus the optical property of the material can be measured for 
different delay time to reveal how the material changes in response to the excitation by 
the pump beam.  
Indeed, now there are light pulses of femtosecond [84][85] or attosecond 
[86][87][88][89][90][91]. With this kind of pulses, time resolution of femtosecond or 
attosecond timescale can be reached. 
In our experiment, ultrafast time-resolved microscopy [26] was employed to investigate 
the mechanism of the phase transformations in phase change media induced by 
femtosecond pulse, as shown in  
Figure 3.5. A single shot of 100 fs, P-polarized pulse at 800 nm was produced by a 
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regenerative amplifier, Ti:sapphire, which is pumped by the mode-lock femtosecond 
laser (Spectra physics). A 50% beam splitter divided this output into a pump beam, 
which was focused at normal incidence onto a sample surface (spot diameter ~250 mm), 
and a second beam, served as a probe beam and replaced the standard illumination of an 
optical microscopy, was focused at near 45° incidence to a spot of approximately 1000 
mm diameter overlapping and illuminating the area excited by the pump beam, as shown 
in Figure 3.6. A magnified image of the excited surface region was recorded at a given 
pump-probe time delay by collecting the specularly reflected light with a CCD camera.  
 
 
Figure 3.5 Time-resolved microscopy 
 
Figure 3.6 Schematically show the pump beam and probe bean overlap on the sample. 
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The same as previous setup, all the optical components in this setup are specially 
required for femtosecond applications to reducing broadening effects. All the mirrors 
used in the setup have special dielectric coating which can sustain high chirp power of 
femtosecond pulses and produce less than 18% widening of pulse duration. The large 
angle between the pump and probe beam isolates the CCD camera from the strayed 
pump light. To obtain a single shot image, the shutter of CCD camera is opened for 
longer time than the time for single fire to ensure the exposure by single pulse, but 
slightly shorter than the time between two successive laser pulses to prevent double 
exposure. The l/2 waveplate is used to ensure that the polarizations of the pump beam 
and probe beam are orthogonal in order to reduce their coherent interaction near zero 
delay [92]. The time delay between the pump and probe can be varied with the computer 
controlled delay stage, which has the resolution of 0.010 mm. For 1 fs optical delay, the 
stage moves 0.15 mm. The pulse duration of our laser system is about 110 fs, as 
measured before, which is lower than the resolution of the stage. Thus the temporal 
resolution of the setup is determined by the duration of laser pulse, not by the stage.  
In this setup, the key point is to determine the point of zero delay, where the pump beam 
and probe beam travel equal distance to reach the sample at the same time. The images of 
CCD camera was used to determine the zero point. When the probe beam reaches the 
sample before the pump beam, the image of pump-probe beam should be the same as that 
of probe beam. If the pump beam arrives at the sample before probe beam, the image of 
pump-probe beam should be different from that of probe beam because the probe beam 
detects the surface which has already changed by the pump beam. The turning point 
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between the same image and different image is the zero point we are looking for. 
Since a single femtosecond pulse could induce a permanent structural change in the 
irradiated area, the sample was moved 2000 mm after each laser shot by a compute-
controlled stage. Consequently, each laser shot interrogated a fresh region of the sample. 
Furthermore, the probe beam was attenuated much weaker than the pump beam to avoid 
any phase transition that might be induced by the probe beam. 
3.4 Critical assessment of the experimental method 
Before proceeding to describe our results of phase transitions and ultrafast dynamics in 
phase change media induced by femtosecond pulse, I would like to compare our method 
with other methods for investigating ultrafast dynamics.  
Femtosecond microscopy [26] was used to measure the reflectivity intensity change to 
investigate the utrafast dynamics in phase change media. It has many advantages over the 
traditional pump-probe technique, in which the probe beam is focused more tightly than 
the pump beam in order to monitor a uniformly excited region: the probed surface area is 
about 10 times smaller than the focused area of the pump beam on the sample. Thus the 
traditional pump-probe technique provides a space-integrated information over an 
inhomogeneously excited area which may mask the details of optical properties evilution 
of the surface. Time resolved microscopy, similar to the traditional pump-probe 
technique, also has femtosecond time and micrometer spatial resolution. But unlike the 
traditional pump-probe technique, the focused probe beam in time resolved microscopy 
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is approximately 4 times larger than the focused area of the pump beam on the sample. 
Thus it avoids special averaging effects and provides a richer body of information on the 
time and fluence dependence of the phase transition process. In particular, the Gaussian 
intensity distribution of the focused pump pulse results in a continuous variation of the 
excitation conditions across the sample surface. A single snapshot picture of the 
illuminated area contains information over an extended range of fluence. And 
femtosecond microscopy is the only method which obverses the variation of material 
response across a pumped region. The disadvantage is that it only measures the 
reflectivity intensity at a single frequency. 
Two other techniques are good alternatives for the investigation of materials under 
intense femtosecond laser excitation of sufficient intensity to trigger ultrafast phase 
changes. They provide information which complements the data produced by our 
technique. One technique is the measurement of spectral dielectric function, which have 
been employed by Mazur’s group at Harvard University in many experiments to study 
ablation, melting and resolidification in various materials [10][11][12][13][13]. Their 
experiments clearly indicate the phase of material, telling us whether it is a metal, 
semiconductor or insulator, or whether it is in order or disordered state. Furthermore, for 
crystalline materials, the spectral dielectric function probes much of the band structure 
and thus enables one to track many aspects of the electron dynamics in one experiment. 
For these reasons, the technique clearly provides more information than time-resolved 
measurements of reflectivity, or the dielectric function at only one frequency. The trade-
off is that this method cannot measure as precisely as those using just a single frequency. 
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Another technique, time-resolved X-ray diffraction, promises to give more insight in the 
field of ultrafast dynamics. As we known, ultrashort visible pulses have been used for 
more than two decades to optically pump and dynamically probe a wide array of atomic, 
molecular, solid-state, and plasma systems, including extreme states of materials 
normally found only in experiments triggered by excitation of ultrashort pulses. In these 
experiments, however, the visible light used to probe the ensuing dynamics cannot 
resolve the features in atomic-scale because it interacts predominately with valence and 
free electrons and not with the deeper lying core electrons and nuclei that most directly 
indicate the structure. Hard x-ray radiation, with wavelengths comparable with 
interatomic distances, is well suited to measure structure and atomic rearrangement and 
can measure structural dynamics in the interior of samples that are not transparent to 
ordinary light. Rescently, subpicosecond sources of hard x-rays have been developed 
using optical femtosecond pulses [94][95][96][97]. In the past several years, several 
groups used such pulses to carry out time-resolved visible-pump, x-ray diffraction probe 
experiments on materials after excitation by the femtosecond optical pulse [98][99][100] 
[101][102][103][104][105]. In those experiments, milli-angstrom changes in lattice 
spacing were measured with picosecond temporal resolution. These X-ray techniques are 
still in their infancy. But with time, they will provide the definitive means to study 
ultrafast structural dynamics in solids and other materials. In combination with optical 
measurements, which primarily detect electronic changes, X-ray data could provide a 
complete picture of ultrafast electronic and lattice dynamics in solids. 
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Chapter 4 Phase transitions in phase change 
media induced by femtosecond laser 
Great progress has been made in phase change optical data storage recently. Phase 
change optical data storage has become a mature technology for rewritable data storage 
system. Ternary GeSbTe alloy and quaternary AgInSbTe alloy are two materials that 
are widely used in phase change optical disk. In conventional optical data storage, 
however, recording and erasing are achieved by laser pulses emitted from 
semiconductor laser diodes with nanosecond duration that thermally induces 
crystallographic structural changes in the phase change media. Thermal diffusion is one 
of the fundamental limitations in the conventional optical data storage which uses 
rather long pulse widths of 10 ns to 60 ns. It will not only make the mark size wider 
than laser spot size but also deform the disk. 
Recently, the interaction of intense ultrafast laser pulses such as femtosecond (10-15 s) 
laser with phase change media has drawn much attention. It is believed that 
femtosecond pulse is very promising for phase change optical data storage because of 
its efficient delivery of optical power, enhancement of the cooling rate and suppression 
of the thermal diffusion effects. Intense femtosecond pulse can excite a dense electron-
hole plasma in semiconductors, which causes the materials in the most extreme non-
equilibrium conditions and gives rise to novel and unusual phase transitions. 
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Femtosecond pulse induced nonthermal phase transitions, in which phase transitions 
occur before free carrier and lattice reach thermal equilibrium, have been reported in 
many materials such as Si [5][6][7], GaAs [8][10][11][12][13], GeSb [13], InSb [15] 
etc. If femtosecond pulse can induce crystalline to amorphous and amorphous to 
crystalline phase transitions in phase change media, it might greatly increase data 
transfer rate to terabyte per second. Ohta et al. [24] first presented that single 120 fs 
laser pulse can induce an amorphous mark without the crystalline edge in GeTe-
Sb2Te3-Sb sandwich structure at crystalline background. Nevertheless, whether single 
femtosecond laser pulse can induce amorphous to crystalline phase transition in phase 
change media or not has never been reported. This chapter focuses on our study of the 
phase transitions in phase change media triggered by femtosecond laser. 
This chapter will start with the measurement of refractive index of phase change media, 
with which the optical band gap of phase change media is calculated and the sample 
structure is designed. Then our experiment results using static experiment setup will be 
presented. This chapter ends with a summary. 
4.1 Characterization of optical properties of phase 
change media 
The refractive index ( ikn +=h ) determines all the linear optical phenomena in a 
material, such as light propagation in a media, light reflection and transmission at an 
interface. The imaginary part of the refractive index, also called the extinction 
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coefficient, determines the absorption coefficient. The relationship between the 
absorption coefficient and light energy can be used to calculate the optical band gap of 
the material [26], which is very important to clarify the excitation mechanism of the 
material after light irradiation. Thus it is very important to know the refractive index of 
phase change media.  
In this thesis, the reflective index is measured with Steag etaoptic ETA-RT quality 
control systems for compact disc production. The sample used to measure the refractive 
index is 0.6 mm polycarbonate substrate/ 100 nm ZnS-SiO2 / phase change layer 
/100nm ZnS-SiO2. The two dielectric layers which sandwich the phase change media 
have following functions:  
1) Protect the phase change layer from contamination and oxidation;  
2) Make the as-deposited phase change media easy to be changed to crystalline phase 
with the initializer.  
The samples were fabricated using a Balzers Cube sputtering system, which is guided 
by windows-based software. The system has four independent process chambers and 
three sputtering power sources (two DC and one RF). The phase change layers were 
sputtered using the DC magnetron sputtering method. The (ZnS)80(SiO2)20 dielectric 
layers were sputtered by the RF sputtering method. The distance between the target and 
substrate is 4 cm, the chamber background pressure is below 1.2x10-7 mbar, and the 
sputtering pressure of Ar gas is approximately 4.5-5.5x10-3 mbar. The as-deposited 
samples were at amorphous background and could be changed to crystalline 
background by the ShibaSoKu optical disk initializer.  
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The refractive index of 0.6 mm polycarbonate substrate and 100 nm ZnS-SiO2 
dielectric layer were first measured in order to obtain acceptable deviation (>10-7) in 
fitting refractive index of phase change layer. Here the detailed measurement of 
refractive index and calculation of optical band gap of 20 nm amorphous Ge2Sb2Te5 
films will be presented. 
Figure 4.1 and Figure 4.2 are the measured spectral reflectance and transmittance of 
20nm amorphous Ge2Sb2Te5 films sandwiched by two 100 nm dielectric layers on 0.6 












Figure 4.1 Spectral reflectance of 20 nm Ge2Sb2Te5 films at as-deposited background 














Figure 4.2 Spectral transmittance of 20 mm Ge2Sb2Te5 films at as-deposited 
background sandwiched by two 100 nm dielectric layers on 0.6 nm polycarbonate 
substrate. 
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The refractive index of 20 nm amorphous Ge2Sb2Te5 films was fited with its spectral 
reflectance and transmittance, already measured refractive index of 0.6 mm 
polycarbonate substrate and 100 nm ZnS-SiO2 dielectric layer, as shown in Figure 4.3. 










































































Figure 4.4 Refractive index of 20 nm crystalline Ge2Sb2Te5 films. 
 
With the same method, the refractive indexes of Ge2Sb2Te5 films at different conditions 
and other phase change media were also measured, as shown in following Figure 5.5-

















































































































Figure 4.7 Refractive index of 20 nm amorphous Ge1Sb2Te4 films. 
















































































































Figure 4.10 Refractive index of 100 nm crystalline Ge1Sb2Te4 films. 


















































































































Figure 4.13 Refractive index of 100 nm amorphous Ge1Sb4Te7 films. 
















































































































Figure 4.16 Refractive index of 20 nm crystalline Ag5In5Sb30Te60 films. 



















































































































Figure 4.19 Refractive index of 100 nm GeTe amorphous films. 
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The quantum theory of semiconductor, as initially developed, was based completely on 
the presence of long-range order and on the periodicity of the crystalline structures. It 
used to be believed that amorphous solids could not have band structures and could not 
be regarded as semiconductors due to lack of long range periodicity. Later, however, it 
was found that chalcogenide glasses can also act as semiconductors [106] with an 
optical energy bandgap [26]. The covalent interatomic bonds give rise to the usual 
bonding (valence) and anti-bonding (conduction) bands.  
The absorption coefficient a  can be calculated according to the following expression: 
lpa /4 k=      (4-1) 
where k is the imaginary part of the refractive index, also called extinction coefficient.  
According to Tauc [29], amorphous semiconductors have three distinct regions in the 
absorption edge spectrum: the weak absorption tail which originates from defects and 
impurities, the exponential edge region which is strongly related to the structural 
randomness of the system, and the high absorption region which determines the optical 
energy bandgap.  
In the exponential edge region, where 14101 -<< cma , the absorption coefficient is 
governed by the equation: 
)/exp(0 eEhgaa =      (4-2) 
Where a0 is a constant, hg is the energy of incident photons and Ee is the slope of the 
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exponential edge region. 




-= gga      (4-3) 
Where B is a parameter that depends on the transition probability, E0 is the band gap, 
and n is an index which can be assumed to values of 2, 3, 1/2 and 3/2 depending on the 
nature of the electronic transition responsible for the absorption. For example, n equals 
1/2 for allowed direct transition and equals to 2 for allowed indirectly transition. Thus 
the type of transition and the energy of transition can be determind via plotting a graph 
of nh /1)( ga against gh  . 
In our experiments, the absorption coefficients of phase change media at amorphous 
background were larger than 104 cm-1. It belonged to high absorption region. Figure 
4.20 is 2/1)( gah  and 2)( gah  as a function of photon energy ( gh ) for 20 nm amorphous 
Ge2Sb2Te5 film. It shows that 2/1)( gah  has a linear function to the photon energy ( gh ) 
at low energy region, indicating an allowed indirect transition. Its interception with 
( gh ) is the indirect transition optical band gap, which is about 0.66 eV. Our result that 
20 nm as-deposited Ge2Sb2Te5 films has indirect optical band gap of 0.66 eV is 
consistent with that of Pirovano’s that amorphous GeSbTe has an indirect optical 
energy bandgap of 0.7 eV [107].  
The optical band gaps of 100 nm amorphous Ge2Sb2Te5 films and other phase change 
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materials at amorphous background were also calculated with their measured refractive 
































Figure 4.20 Dependence of 2/1)( gah  and 2)( gah  on photon energy ( gh ) for 20 nm 
amorphous Ge2Sb2Te5 films. 
 
Table 4-1 Optical band gap of some phase change media at amorphous background 
calculated with the measured refractive index 
Material Thickness(nm) Transition type Optical band gap(eV) 
20 Indirect 0.63 Ge1Sb4Te7 
100 Indirect 0.67 
20 Indirect 0.61 Ge1Sb2Te4 
100 Indirect 0.68 
20 Indirect 0.66 Ge2Sb2Te5 
100 Indirect 0.70 
20 Indirect 0.57 Ag5In5Sb30Te60 
100 Indirect 0.60 
GeTe  100 Indirect 0.73 
 
4.2 Sample structure design 
Previously measured refractive index of phase change media with our in-house-
developed Phase Change Optical Disk Design (PCODD) software [25] were used to 
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design the multilayer structures in order to achieve good optical contrast between 
amorphous and crystalline phases at wide range of film thickness of phase change 
media. The wavelength of 800 nm which was our experiment condition was seleted. 
The sample structure was designd as following: the phase change layer was sandwiched 
by two dielectric layers on 0.6 mm polycarbonate substrate. The two dielectric layers 
have following functions:  
1) Protect the phase change layer from contamination and oxidation;  
2) Make the as-deposited phase change media easy to be changed to crystalline phase 
with the initializer;  
3) Achieve good optical contrast between amorphous and crystalline phase at the 
desired wavelength. 
The simulation results of Ge2Sb2Te5 films in Figure 4.21 show that the sample structure, 
0.6 mm polycarbonate substrate/ 120 nm (ZnS)80(SiO2)20 / Ge2Sb2Te5 / 92 nm 
(ZnS)80(SiO2)20/ air, has high modulation reflectivity at the wavelength of 800 nm for a 
wide range of thickness.This sample structure was chosen for Ge2Sb2Te5 films and 
other phase change materials for comparison between them. The simulation results (not 
show here) also show they have high modulation reflectivity at the wavelength of 800 
nm for a wide range of thickness.  
After design the sample structure, the samples were fabricated with a Balzers Cube 
sputtering system. The as-deposited samples could be changed to crystalline phase with 
the initializer. After the preparation of samples, they were irradiated by femtosecond 
pulse to investigate whether femtosecond pulse could induce any phase transitions in 
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phase change media or not. 
 
Figure 4.21 Simulation result of 0.6 mm polycarbonate substrate/ 120 nm 
(ZnS)80(SiO2)20 / 0~100 nm Ge2Sb2Te5 / 92 nm (ZnS)80(SiO2)20/ air at the wavelength 
of 800 nm. 
4.3 Phase transitions in phase change media induced 
by femtosecond pulse 
The static experiment setup described in Chapter 3 is used to investigate whether 
femtosecond pulse can induce any phase transitions in phase change media or not. After 
femtosecond laser irradiation, the samples were observed with an optical microscope 
(OM). 
Before our experiment, the Steag etaoptic ETA-RT quality control systems for compact 
disc production was employed to measure the absorption of phase change media in our 
designed structure at the normal incidence of 800 nm, assording to to following formula 
[108]: 
Chapter 4 Phase transitions in phase change media induced by femtosecond laser  
 59 
A+T+R=1     (4-4) 
where A, T and R are absorption, transmittance and reflectance, respectively. The 
absorption of some phase change media in our designed structure at the normal 
incidence of 800 nm is listed in Table 4-2. It can be used to calculate the energy 
absorbed by the phase change media after normal incidence to 800 nm light. 
Table 4-2 Absorption of some phase change media in our designed structure at the 
normal incidence of 800 nm. 
Material Thickness(nm) Phase Absorption 














amorphous 0.89 Ag5In5Sb30Te60 100 
crystalline 0.72 




*SLL: Superlattice-like sample consisting of alternatice layers of GeTe with the 
thickness of 2 nm and Sb2Te3 with thickness of 3 nm. Total layers are 20. 
4.3.1 Experiment results 
Figure 4.22 and Figure 4.23  are OM images of 20 nm Ge2Sb2Te5 films after single 
femtosecond pulse irradiation at crystalline and amorphous background, respectively. 
They clearly indicate that single femtosecond pulse (~100 fs) can induce crystalline to 
amorphous phase transition in 20 nm Ge2Sb2Te5 film, while amorphous to crystalline 
phase transition could not be achieved in 20 nm Ge2Sb2Te5 film, as only over-burn 
marks are observed in Figure 4.23. A cw HeNe laser beam (l =632.8 nm) was used to 
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measure the reflectivity change of amorphous marks induced by single femtosecond 
pulse and found that the detected intensity of amorphous mark induced by single 
femtosecond pulse was almost the same as that of the as-deposited amorphous, 
suggesting that even single femtosecond pulse can induce crystalline to amorphous 
phase transition in Ge2Sb2Te5 films. Our result that single 100 fs pulse can induce 
crystalline to amorphous phase transition in 20 nm crystalline Ge2Sb2Te5 films is 
consistent with that of Ohta’s [24] that single 120 fs laser pulse could induce an 
amorphous mark in GeTe-Sb2Te3-Sb sandwich structure at crystalline background.  
However, the results in 100 nm Ge2Sb2Te5 films (Figure 4.24 and Figure 4.25) are quite 
different from those in 20 nm Ge2Sb2Te5 films. Figure 4.24 and Figure 4.25 indicate 
that single femtosecond pulse can induce not only crystalline to amorphous phase 
transitions (Figure 4.24), but also amorphous to crystalline phase transition (Figure 4.25) 
in 100 nm Ge2Sb2Te5 film. X-ray diffractometer (XRD) measurement was employed to 
investigate whether the marks in Figure 4.25 were cryatalline phase or not. The results 
are shown in Figure 4.26. The two peaks are Face center cube (FCC) (200) and (220), 
Our XRD result verified that amorphous to crystalline phase transition induced by 
single femtosecond pulse could be achieved in 100 nm Ge2Sb2Te5 film. Amorphous to 
crystalline phase transition in 100 nm Ge2Sb2Te5 films triggered by single femtosecond 
laser pulse, to our best knowledge, has never been reported before. 
 AFM was used to measure the profile of the over-burn crystalline mark and crystalline 
mark in 100 nm amorphous Ge2Sb2Te5 films in Figure 4.25, as shown in Figure 4.27 
and Figure 4.28, respectively. They clearly show the ejection of material in the over-
burn mark, while no ablation occurs in the crystalline mark, confirming that the 
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crystalline mark observed with OM is due to phase transformation induced by single 
femtosecond pulse. 
 
Figure 4.22 OM image of 20 nm Ge2Sb2Te5 films at crystalline background after single 
femtosecond pulse irradiation. Pulse energy from left to right: 10 mJ, 8 mJ, 6 mJ and 4 
mJ. 
 
Figure 4.23 OM image of 20 nm Ge2Sb2Te5 films at amorphous background after single 
femtosecond pulse irradiation. Pulse energy from left to right: 14 mJ, 12 mJ, 10 mJ and 8 
mJ. 
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Figure 4.24 OM images of 100 nm Ge2Sb2Te5 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 14 mJ and 12 mJ. 
 
Figure 4.25 OM images of 100 nm Ge2Sb2Te5 films at amorphous background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 21 mJ and 18 mJ. 





















Figure 4.26 XRD patterns of 100 nm Ge2Sb2Te5 films at as-deposited phase and after 
initialization and single 100fs laser irradiation. 
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Figure 4.27 AFM profile and analysis of over-burn mark in 100 nm Ge2Sb2Te5 films at 
amorphous background induced by single femtosecond pulse in Figure 4.25.   
 
Experiments of irradiation by two femtosecond pulses were also performed in 100 nm 
Ge2Sb2Te5 films to investigate whether the amorphous or crystalline mark induced by 
first femtosecond pulse can be erased or overwrite by second femtosecond pulse or not. 
The objective lens was defocused to make the marks large enough to be easily observed 
by OM. The results are shown in Figure 4.29 and Figure 4.30. The left mark in Figure 
4.29 shows a crystalline mark induced by second pulse in the center surrounded by 
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amorphous mark triggered by the first pulse. It indicated that amorphous mark induced 
by the first femtosecond pulse can be erased by the second pulse. While the mark 
irradiated by two pulses in Figure 4.30 shows a different phase between crystalline and 
amorphous phase. It may suggest that writing in the crystalline mark induced by the 
first pulse is not complete by the second pulse.  
 
Figure 4.28 AFM profile and analysis of crystalline mark in 100 nm Ge2Sb2Te5 films at 
amorphous background induced by single femtosecond pulse in Figure 4.25. 
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Figure 4.29 OM images of 100 nm Ge2Sb2Te5 films at crystalline background after (left) 
single pulse irradiation at the energy of 24 mJ and (right) two pulses irradiation. First 
pulse energy: 24 mJ; Second pulse energy: 30 mJ. 
 
Figure 4.30 OM images of 100 nm Ge2Sb2Te5 films at amorphous background after 
(left) single pulse irradiation at the energy of 36 mJ and (right) two pulses irradiation. 
First pulse energy: 36 mJ; Second pulse energy: 21 mJ.  
 
Our experiments clearly show that the results for 20 nm and 100 nm Ge2Sb2Te5 films 
are different. Only amorphous mark could be induced by single femtosecond pulse in 
20 nm Ge2Sb2Te5 films, while single femtosecond pulse could triggered both 
amorphous and crystalline marks in 100 nm Ge2Sb2Te5 films. What are the results of 
Ge2Sb2Te5 films with thickness between 20 nm and 100 nm? 50 nm and 80 nm 
Ge2Sb2Te5 films with the same structure as 20 nm and 100 nm were selected to be 
irradiated by single femtosecond pulse and the OM images are shown in Figure 4.31 
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and Figure 4.32, Figure 4.33 and Figure 4.34, respectively. Figure 4.31 and Figure 4.32 
show that the results in 50 nm Ge2Sb2Te5 films are similar to those in 20 nm Ge2Sb2Te5 
films. Single femtosecond pulse can induce crystalline to amorphous phase transition in 
50 nm Ge2Sb2Te5 films, while amorphous to crystalline phase transition cannot be 
triggered by single 100 fs pulse, as only over-burn marks are observed in Figure 4.32. 
Figure 4.33 and Figure 4.34 show that the results in 80 nm Ge2Sb2Te5 films are similar 
to those in 100 nm Ge2Sb2Te5 films. Single femtosecond pulse can induce not only 
crystalline to amorphous phase transitions but also amorphous to crystalline phase 
transition in 80 nm Ge2Sb2Te5 films. 
Next step, 60 nm and 70 nm Ge2Sb2Te5 films with the same structure as previously 
were fabricated. After irradiated by single femtosecond pulse, the samples were 
observed with OM and the images are shown in Figure 4.35 and Figure 4.36, Figure 
4.37 and Figure 4.38, respectively. Figure 4.35 and Figure 4.36 show that the results in 
60 nm Ge2Sb2Te5 films are similar to those in 20 nm and 50 nm Ge2Sb2Te5 films. 
Single femtosecond pulse can induce crystalline to amorphous phase transition in 60 
nm Ge2Sb2Te5 films, while amorphous to crystalline phase transition cannot be 
triggered by single 100 fs pulse, as only over-burn marks are observed in Figure 4.36. 
Figure 4.37 and Figure 4.38 show that the results in 70 nm Ge2Sb2Te5 films are similar 
to those in 80 nm and 100 nm Ge2Sb2Te5 films. Single femtosecond pulse can induce 
not only crystalline to amorphous phase transitions but also amorphous to crystalline 
phase transition in 70 nm Ge2Sb2Te5 films. 
Finally, 65 nm Ge2Sb2Te5 films with the same structure as before was prepared and 
shined by single femtosecond pulse. The OM images are shown inFigure 4.39 and 
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Figure 4.40. They show similar results to those in 70 nm, 80 nm and 100 nm Ge2Sb2Te5 
films. Single femtosecond pulse can induce both crystalline to amorphous phase 
transitions and amorphous to crystalline phase transitions in 65 nm Ge2Sb2Te5 films. 
 
Figure 4.31 OM images of 50 nm Ge2Sb2Te5 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 10 mJ, 9 mJ, 8 mJ 
and 7 mJ. 
 
Figure 4.32 OM images of 50 nm Ge2Sb2Te5 films at amorphous background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 13 mJ, 12 mJ,10 mJ, 
and 9 mJ. 
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Figure 4.33 OM images of 80 nm Ge2Sb2Te5 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 10 mJ, 9 mJ, 8 mJ 
and 7 mJ. 
 
Figure 4.34 OM images of 80 nm Ge2Sb2Te5 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 13 mJ, 12 mJ, 10 
mJ and 9 mJ. 
 
Figure 4.35 OM images of 60 nm Ge2Sb2Te5 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 10 mJ, 9 mJ, 8 mJ 
and 7 mJ. 
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Figure 4.36 OM images of 60 nm Ge2Sb2Te5 films at amorphous background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 13 mJ, 12 mJ, 10 
mJ, and 9 mJ. 
 
Figure 4.37 OM images of 70 nm Ge2Sb2Te5 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 10 mJ, 9 mJ, 8 mJ 
and 7 mJ. 
 
Figure 4.38 OM images of 70 nm Ge2Sb2Te5 films at amorphous background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 13 mJ, 12 mJ, 10 
mJ, and 9 mJ. 
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Figure 4.39 OM images of 65 nm Ge2Sb2Te5 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 10 mJ, 9 mJ, 8 mJ 
and 7 mJ. 
 
Figure 4.40 OM images of 65 nm Ge2Sb2Te5 films at amorphous background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 13 mJ, 12 mJ, 10 
mJ, and 9 mJ.  
 
The results in Ge1Sb2Te4 films are similar to those in Ge2Sb2Te5 films. For 20 nm 
Ge1Sb2Te4 films, single femtosecond pulse can induce crystalline to amorphous phase 
transition (Figure 4.41). While amorphous to crystalline phase transition could not be 
achieved as only over-burn mark was observed in Figure 4.42. For 100 nm Ge1Sb2Te4 
films, single femtosecond pulse can induce not only crystalline to amorphous phase 
transitions (Figure 4.43), but also amorphous to crystalline phase transition (Figure 4.44) 
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in 100 nm Ge1Sb2Te4 film. This amorphous phase to crystalline phase transition is also 
verified by X-ray diffractometer (XRD) measurement (Figure 4.45). The two peaks are 
FCC (200) and (220). 
 
Figure 4.41 OM image of 20 nm Ge1Sb2Te4 films at crystalline background after single 
femtosecond pulse irradiation. Pulse energy from left to right: 12 mJ, 10 mJ, 8 mJ and 6 
mJ. 
 
Figure 4.42 OM image of 20 nm Ge1Sb2Te4 films at amorphous background after single 
femtosecond pulse irradiation. Pulse energy from left to right: 16 mJ, 14 mJ, 12 mJ and 
10 mJ. 
 
The results in 20 nm Ag5In5Sb30Te60 films (Figure 4.46 and Figure 4.47) are also 
similar to those in 20 nm GeSbTe films that single femtosecond pulse can induce 
amorphous marks at crystalline background and crystalline marks cannot be triggered 
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by single femtosecond pulse at amorphous background. However, the results in 100 nm 
Ag5In5Sb30Te60 films (Figure 4.48 and Figure 4.49) are quite different from those in 
100 nm GeSbTe films. Although single femtosecond pulse can induce amorphous 
marks at crystalline background (Figure 4.48), amorphous to crystalline phase 
transition cannot be achieved by single femtosecond pulse as only over-burn marks are 
observed in Figure 4.49. One possible reason is that the crystallization mechanism of 
GeSbTe materials is nucleation dominated (nucleation rate is larger than growth rate), 
while AgInSbTe is growth dominated (growth rate is larger than nucleation rate). 
 
Figure 4.43 OM images of 100 nm Ge1Sb2Te4 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 12 mJ and 10 mJ. 
 
Figure 4.44 OM images of 100 nm Ge1Sb2Te4 films at amorphous background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 21 mJ and 18 mJ. 
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Figure 4.45 XRD patterns of 100 nm Ge1Sb2Te4 films at as-deposited phase and after 
initialization and single 100fs laser irradiation. 
 
 
Figure 4.46 OM images of 20 nm Ag5In5Sb30Te60 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 10 mJ, 8 mJ and 6 
mJ. 
 
Figure 4.47 OM images of 20 nm Ag5In5Sb30Te60 films at amorphous background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 12 mJ, 10 mJ and 8 
mJ. 
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Figure 4.48 OM images of 100 nm Ag5In5Sb30Te60 films at crystalline background after 
single femtosecond pulse irradiation. Pulse energy from left to right: 16 mJ, 14 mJ and 
12 mJ. 
 
Figure 4.49 OM images of 100 nm Ag5In5Sb30Te60 films at amorphous background 
after single femtosecond pulse irradiation. Pulse energy from left to right: 16 mJ, 14 mJ 
and 12 mJ. 
 
4.3.2 Discussions 
Phase transitions triggered by ultrafast laser pulses on semiconductor surface have 
raised tremendous interests and controversy. Many experiments [5][6][7][9][15] and 
theoretical studies [109][110][111][112][113] suggest that exciting high-carrier 
densities (~1022 cm-3) induced by intense femtosecond laser pulse in semiconductors 
can give rise to ultrafast nonthermal disordering on the femtosecond time scale. This 
ultrafast disordering is termed as nonthermal melting because the optical properties 
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of the disordering phase approach to those of melted phase, though disordering occurs 
before a significant amount of energy is transferred to the lattice by conventional 
electron-phonon interactions. Furthermore, excitation with pulses shorter than the 
longitudinal optical (LO) phonon emission time [13] in crystalline semiconductors may 
induce structural instability of the lattice, leading to the formation of a metastable 
transient phase with (semi) metallic character [13].  
According to our previous measured refractive index of phase change media, the 
absorption depth of amorphous and crystalline phase change media at the wavelength 
of 800 nm  is approximately 40 nm and 18 nm (Table 4-3), respectively. 







20 40 18 Ge1Sb2Te4 
100 43 17 
20 45 19 Ge2Sb2Te5 
100 48 16 
20 40 14 Ag5In5Sb30Te60 
100 37 15 
 
Our experiments clearly show that single femtosecond pulse can induce crystalline to 
amorphous phase transition in Ge2Sb2Te5, Ge1Sb2Te4 and Ag5In5Sb30Te60 films. This 
may be due to that the irradiation by femtosecond pulse is quite different from that by 
conventional laser. When the conventional laser irradiates on a sample, the heating time 
is rather long and the excitation process includes the heat diffusion in the layers. The 
irradiation by conventional laser has three stages: laser spot exposure and energy 
deposition, heat diffusion outside the laser spot, cooling after the laser exposure. The 
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thermal diffusion process which is the fundamental limitation of conventional laser 
recording because it will not only make the mark size wider than laser spot size but also 
deform the disk appears in the second and third process.  
While at femtosecond laser irradiation on a sample, the energy is deposited within a 
very short time in a thin surface layer, leading to heating or melting. The so generated 
steep temperature gradient is subsequently smoothed by the heat diffusion towards the 
substrate.  The characteristic diffusion length Lth during the pulse duration t depends on 
the thermal diffusivities D of the films according to Lth»( Dt)1/2. The diffusion length 
during the fs pulse is negligible [Lth»0.2 nm for t=100 fs and D(Ge2Sb2Te5)=0.0045 
cm2/s] [114], whereas it might exceed 20 nm when using ns laser pulse as commonly 
done in optical disk. Furthermore, femtosecond pulse has much higher peak power 
compared to the conventional laser pulse. It can create a large number of highly excited 
electrons and holes before energy transfers from the excited carriers to the lattice. The 
free carriers reach extreme high energy while the lattice of atoms is still cold, which 
gives rise to novel and unusually phase transition. 
Simulations [115] at the University of Arizona revealed that sub-nanosecond pulse 
could enhance the cooling rate by more than an order of magnitude higher than that of 
nanosecond pulse. Rapid cooling favors the formation of amorphous mark with smooth 
boundary. And Te-based chalcogenide glasses have the characteristic of long-chain 
structure which gives the medium small mobility in the liquid state. They tend to 
solidify while keeping the atomic distribution of the liquid state. Since the atoms keep 
the positions of the liquid state, they easily convert into the amorphous state when 
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cooled rapidly. Given the rapid cooling rate of femtosecond pulse, amorphization is 
possible after femtosecond pulse shines on phase change media. 
Our results also show that single femtosecond pulse can induce crystalline to 
amorphous and amorphous to crystalline phase transitions in 100 nm Ge2Sb2Te5 and 
Ge1Sb2Te4 films. Intense femtosecond laser pulse may induce an ultrafast nonthermal 
phase transition in GeSbTe films. However, once the energy has been transferred from 
the free carriers to the lattice, the structural transformation path is thermal in nature. 
The following scenario was proposed to describe the principal processes that take place 
after femtosecond pulse shines on the sample. Femtosecond pulse first excites a thin 
layer of highly excited carriers on the surface of the 100 nm sample. Below the excited 
layer there is an intact layer of phase change films. The phase change taking place is 
mainly defined by the heat flow conditions. The cooling speed will determine the final 
state. Rapid cooling will promote amorphization, while slow cooling will catalyze 
crystallization. The cooling speed in the center of Gaussin beam is lower than that in 
the fringe. Furthermore, initial solidification will release enthalpy that will lower the 
supercooling to frustrate amorphization process and promote the nucleation and growth 
of the crystalline phase. The amount of latent heat released unpon solidification is 
related to amount of phase transition material. For 100 nm films, the enthalpy released 
during the solidification process may be large enough to reduce supercooling, thus 
promoting the nucleation and growth of the crystalline material. This recalescence 
frustrated amorphization process has been reported to occur on bulk solidification of Ge 
films [116] and GeSb films [21] upon picosecond laser irradiation.  
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Although ultrafast crystallization is observed in 100 nm Ge2Sb2Te5 and Ge1Sb2Te4 
films, femtosecond pulse cannot induce amorphous to crystalline phase transition in 
100 nm Ag5In5Sb30Te60 films. This may be due to the different crystalline mechanism 
of AgInSbTe and GeSbTe films.  
Nevertheless, a more precision analysis cannot be given here. Intense femtosecond 
laser pulse may induce an ultrafast nonthermal phase transition in phase change media. 
The ultrafast dynamics in phase change media, to our knowledge, has never been 
investigated. Whether the mechanism of phase transitions in phase change media 
triggered by single femtosecond laser pulse is thermal or nonthermal is not clear yet. It 
needs to be further clarified with pump-probe setup, which is the focus of chapter 5: 
ultrafast dynamics in phase-change media excited by intense femtosecond laser pulse. 
4.3.3 Conclusions 
Our static experiments clear show that single femtosecond pulse can induce only 
crystalline to amorphous phase transition in 20 nm Ge2Sb2Te5, Ge1Sb2Te4 and 
Ag5In5Sb30Te60 films. Crystalline to amorphous and amorphous to crystalline phase 
transitions triggered by single femtosecond pulse have been observed in 100 nm 
Ge2Sb2Te5 and Ge1Sb2Te4 films. For Ge2Sb2Te5 films with thickness no more than 60 
nm, the results are similar to those of 20 nm films that single femtosecond pulse can 
induce only crystalline to amorphous phase transition and amorphous to crystalline 
phase transition could not be triggered by single femtosecond pulse. If the thickness of 
Ge2Sb2Te5 films  is no less than 65 nm, the results are similar to those in 100 nm films 
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that single femtosecond pulse can induce both crystalline to amorphous and amorphous 
to crystalline phase transitions. 
4.4 Chapter Summary 
In this chapter, the refractive indexes of phase change media were measured with Steag 
Etaoptic ETA-RT quality control system. The optical energy band gap of phase change 
media were calculated with the measured refractive index. The sample structures were 
designed with our in-house developed PCODD software and the measured refractive 
index of phase change media. Our the static experiments showed that single 
femtosecond pulse can induce crystalline to amorphous phase transition in 20 nm 
Ge2Sb2Te5, Ge1Sb2Te4 and Ag5In5Sb30Te60 films. Both crystalline to amorphous and 
amorphous to crystalline phase transitions triggered by single femtosecond pulse have 
been achieved only in 100 nm GeSbTe films. These ultrafast phase transitions were 
investigated by refractive measurement, XRD measurement and AFM measurement. 
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Chapter 5 Dynamics in phase change media 
following femtosecond laser excitation 
Femtosecond laser-induced phase transitions in semiconductors have been the subject of 
interests ever since the development of femtosecond laser. The earlist experiments on 
femtosecond laser-excited semiconductors measured transient reflectivity [5][6], 
transmission [7], and provided evidence of phase changes in the materials within a few 
hundred femtoseconds after excitation. More recently, time-resolved visible-pump, x-ray 
diffraction probe experiments [98][98][101][102][103][104][105][105] provide direct 
evidences of milli-angstrom changes in lattice spacing after excitation by intense 
femtosecond pulse. 
Several theoretical studies have addressed the electronic and structural transitions of 
semiconductors after irradiation by intense ultrafast. Many studies 
[113][109][110][111][112] shows that the breaking of covalent bonds by the electronic 
excitation causes rapid softening of the phonon modes. This softening leads to lattice 
instability within subpicosecond after excitation by femtosecond laser when 
approximately 10% of the valence electrons are excited.  
It’s now clear that intense femtosecond laser excites the materials in extremely 
nonequalibrium conditions, which may give rise to novel phase transitions. Femtosecond 
laser inducing nonthermal phase transitions have been demonstrated in many 
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semiconductors, such as Si [5][6], GaAs [10][11].  Our static experiments in previous 
chapter clearly show that single femtosecond pulse can induce crystalline to amorphous 
and amorphous to crystalline phase transitions in 100 nm Ge2Sb2Te5 and Ge1Sb2Te4 
films, while amorphous to crystalline phase transition cannot be induced by single 
femtosecond pulse in 100 nm Ag5In5Sb30Te60 films. The pump-probe setup described in 
chapter 3 could be employed to investigate the ultrafast dynamics in 100 nm amorphous 
Ge2Sb2Te5 and Ag5In5Sb30Te60 films after irradiation by femtosecond pulse. 
In this chapter, time-resolved measurement of reflective intensity change of 100 nm 
amorphous Ge2Sb2Te5 and Ag5In5Sb30Te60 films after excitation by single femtosecond 
pulse will be presented. Our results clarify the nature of phase transitions in 100 nm 
amorphous Ge2Sb2Te5 and Ag5In5Sb30Te60 films induced by femtosecond pulse.  
5.1 Experiment in 100 nm amorphous Ge2Sb2Te5 films 
Our previous experiments clearly show that single femtosecond pulse can induce 
amorphous to crystalline phase transitions in 100 nm Ge2Sb2Te5 films. Ultrafast time-
resolved microscopy with both femtosecond time and micrometer spatial resolution [26], 
as described in chapter 3, was employed to monitor the evolution of the reflective 
intensity of 100 nm amorphous Ge2Sb2Te5 surface after irradiated by single femtosecond 
laser in order to gain insight into the phase transition induced by femtosecond pulse.  
The sample structure was: 0.6 mm polycarbonate substrate/ (ZnS)80(SiO2)20 120 nm/ 
Ge2Sb2Te5 100 nm/ (ZnS)80(SiO2)20 92 nm/ air 
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The sample was fabricated by a Balzers Cube sputtering system, which was guided by 
windows-based software. The 100 nm Ge2Sb2Te5 films were sputtered using the DC 
magnetron sputtering method. The (ZnS)80(SiO2)20 dielectric layers were sputtered by the 
RF sputtering method.  The as-deposited sample was at amorphous background. 
 
Figure 5.1 Pictures of 100 nm Ge2Sb2Te5 surface at amorphous background at different 
time delay after exposure to the pump pulse at the energy of 14 mJ. 
 
A sequence of micrographs of 100 nm Ge2Sb2Te5 films at amorphous background, 
covering the entire period from initial deposition of laser energy to the appearance of 
final structural modifications, is shown in Figure 5.1. The contrast of the images in 
Figure 5.1 has not been enhanced and thus Figure 5.1 does provide a quantitative 
measurement of the evolution of the reflective intensity.  Due to the large angle of 45° 
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between the pump beam and the probe beam, the actual delay depends on the spatial 
coordinate along the horizontal axis of the image (100 fs /42 mm). But the delay is 
constant in the vertical direction (Zero delay in Figure 5.1 is referred to the center of the 
spot). In the first frame ((Dt=0 ps), There is no bright spot in the center of the probe spot 
because the pump beam and the probe beam took an equal amount of time to reach the 
sample. In the next two frames (0.5 ps, 1 ps), the reflective intensity of the region 
irradiated by whole pump beam increased, giving rise to the appearance of an elliptical 
bright area without a sharply defined boundary. The bright region diminished in size at 
later delay (5 ps, 10 ps), then enlarged at even later delay (500 ps). The bright region in 
the surface area irradiated by pump beam remained nearly unchanged for approximately 
2 ns delay. The bright region in the center of the probe spot in the last frame (Dt=¥), 
corresponding to a delay of several seconds, indicating that crystalline mark was formed 
in 100 nm amorphous Ge2Sb2Te5 films after irradiation by single pump beam. The 
subsequent morphology examination of the final state after the irradiation by the single 
femtosecond pump pulse is shown in Figure 5.2. It indicated the formation of crystalline 
mark in 100 nm amorphous Ge2Sb2Te5 films. This amorphous to crystalline phase 
transition induced by single femtosecond pulse had been further corroborated by X-ray 
diffractometer measurement in Chapter 4. Our result obtained from 100 nm amorphous 
Ge2Sb2Te5 films is consistent with that of earlier experiments [22] using a-GeSb films. 
Electron diffraction in earlier experiments corroborated that intense femtosecond pulse 
can permanently induce a stable crystalline phase in a-GeSb films.  
To quantitatively follow the evolution of the reflectivity intensity change of 100 nm 
amorphous Ge2Sb2Te5 films after irradiation by single femtosecond pulse, the 
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reflectivity intensity change as a function of delay time is shown in Figure 5.3. Due to 
the Gaussian intensity profile of the focused pump beam, different spatial locations on 
the sample represent the behavior of the reflective intensity for different pump fluence. 
Three fluences were chosen, marked A, B and C in Figure 5.1, corresponding to 
excitation fluence of 60, 45 and 20 mJ/cm2, respectively. Figure 5.3 shows that the 
reflective intensity change increased immediately after femtosecond pulse irradiation for 
all three fluences. It is likely that femtosecond pulse can induce non-thermal phase 
transition. Figure 5.3 also shows that the maximum reflective intensity for high and low 
fluence was different. The maximum reflective intensity was higher for high fluence (A) 
than that for low fluence (C). Our result that different fluence reached different 
maximum reflective intensity change in Ge2Sb2Te5 films is different from that in GeSb 
[20] which reached the same maximum reflectivity for high and medium fluence. It may 
be that the carrier density excited by femtosecond pulse is higher for high fluence than 
that for low fluence. Figure 5.3 indicates that high and medium fluence triggered a 
transition from amorphous phase to crystalline and partial crystalline phase transitions, 
respectively, while low fluence may not induced phase transition. For high fluence (A), 
the reflective intensity continuously increased until 10 ps (Figure 5.3). However, the 
reflective intensity began to fluctuate after 1 ps delay for low fluence (C) (Figure 5.3). 
This may be one reason accounting for that high fluence triggered a transition from 
amorphous phase to crystalline phase transitions, while low fluence may not induced 
phase transition. Our result in Ge2Sb2Te5 films is consistent with that of earlier 
experiments [22] using GeSb films that high fluence can induce amorphous to crystalline 
phase transition. 
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Figure 5.2 OM image of 100 nm amorphous Ge2Sb2Te5 films after single femtosecond 
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Figure 5.3 Reflectivity as a function of delay time measured at three different locations 
(marked as A, B, and C in the last frame of Figure 5.1), corresponding to excitation 
fluence of 60, 45 and 20 mJ/cm2, respectively. Note the logarithmic time axis; the true 
zero delay (see text) is marked by an arrow. DI=[I(t)-Ia]/Ia and Ia is the reflective intensity 
of 100 nm amorphous Ge2Sb2Te5 films. 
5.2 Experiment in 100 nm amorphous Ag5In5Sb30Te60 
films  
Our previous experiments show that single femtosecond pulse cannot induce amorphous 
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phase to crystalline phase transition in 100 nm Ag5In5Sb30Te60 films. Ultrafast time-
resolved microscopy [26] was employed to monitor the evolution of the reflective 
intensity of 100 nm amorphous Ag5In5Sb30Te60 surface after irradiation by single 
femtosecond pulse in order to gain insight into the ultrafast dynamics in 100 nm 
amorphous Ag5In5Sb30Te60 films following femtosecond laser excitation.  
The sample structure was: 0.6mm polycarbonate substrate/ (ZnS)80(SiO2)20 120 nm/ 
Ag5In5Sb30Te60 100 nm/ (ZnS)80(SiO2)20 92 nm/ air, which is similar to previous 
experiment in 100 nm Ge2Sb2Te5 for comparison. 
The sample was fabricated by a Balzers Cube sputtering system, which was guided by 
windows-based software. The 100 nm Ag5In5Sb30Te60 films were sputtered using the DC 
magnetron sputtering method. The (ZnS)80(SiO2)20 dielectric layers were sputtered by the 
RF sputtering method.  The as-deposited samples were at amorphous background.  
First the right energy for the pump-probe experiment should be chosen. The same energy 
was tried in 100 nm amorphous Ag5In5Sb30Te60 films as that in Ge2Sb2Te5 films (14 mJ). 
The OM image did not show any phase transition in 100 nm amorphous Ag5In5Sb30Te60 
films after irradiation by single femtosecond pulse. Then the energy was slightly 
increased to 15 mJ. After femtosecond laser irradiation on 100 nm amorphous 
Ag5In5Sb30Te60 films and Ge2Sb2Te5 films, the sample was observed with the OM, as 
shown in Figure 5.4 and Figure 5.5, respectively. After exposure to single femtosecond 
pulse at the energy of 15 mJ, an over burn mark without surrounding crystalline phase is 
formed in 100 nm amorphous Ag5In5Sb30Te60 films (Figure 5.4), while an over burn 
mark with surrounding crystalline phase is observed in 100 nm amorphous Ge2Sb2Te5 
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films (Figure 5.5). Figure 5.4 indicates that the energy of 15 mJ was too high for 
experiment. So it was changed back to 14 mJ to perform the pump-probe experiment in 
100 nm amorphous Ag5In5Sb30Te60 films. 
 
Figure 5.4 OM image of 100 nm amorphous Ag5In5Sb30Te60 films after exposure to 
single femtosecond pulse at the energy of 15 mJ. 
 
Figure 5.5 OM image of 100 nm amorphous Ge2Sb2Te5 films after exposure to single 
femtosecond pulse at the energy of 15 mJ. 
 
Figure 5.6 is a sequence of micrographs of 100 nm amorphous Ag5In5Sb30Te60 films, 
covering the entire period from initial deposition of laser energy to the appearance of the 
final structural modifications. The micrographs in 100 nm amorphous Ag5In5Sb30Te60 
films (Figure 5.6) are almost similar to those in 100 nm Ge2Sb2Te5 films (Figure 5.1) 
except the last frame (Dt=¥). After exposure to femtosecond pulse, there is no bright spot 
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in the last frame of 100 nm amorphous Ag5In5Sb30Te60 films (Figure 5.6), while a bright 
spot is observed in the last frame of 100 nm amorphous Ge2Sb2Te5 films (Figure 5.1). 
 
Figure 5.6 Pictures of 100 nm amorphous Ag5In5Sb30Te60 surface at different time delay 
after exposure to the pump pulse at the energy of 14 mJ. 
 
Figure 5.6 shows that the reflective intensity of the area illuminated by pump-probe was 
almost the same as that irradiated by probe beam in the first frame ((Dt=0 ps) because the 
probe beam and the pump beam spend eaqual time to reach the sample.  In the next two 
frames (0.5 ps and 1 ps), the reflective intensity of the region irradiated by whole pump 
beam increased, which gave rise to the appearance of an elliptical bright area without a 
sharply defined boundary. The appearance of the bright region in the surface area 
irradiated by pump beam remained nearly unchanged for approximately 2 ns delay. 
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However, the bright region disappeared in the last frame (Dt=¥), corresponding to a 
delay of several seconds, indicating that re-amorphization took place in 100nm 





















Figure 5.7 Reflectivity as a function of delay time measured at three different locations 
(marked as A, B, and C in the last frame of Figure 5.6), corresponding to excitation 
fluence of 60, 45 and 20 mJ/cm2, respectively.. Note the logarithmic time axis; the true 
zero delay (see text) is marked by an arrow. DI=[I(t)-Ia]/Ia and Ia is the reflective intensity 
of 100 nm amorphous Ag5In5Sb30Te60 films. 
 
To quantitatively follow the evolution of the reflectivity intensity change of 100 nm 
amorphous Ag5In5Sb30Te60 films after irradiation by single femtosecond pulse, the 
reflectivity intensity change as a function of delay time measured at three different 
fluences (marked in the last frame of Figure 5.6) is shown in Figure 5.7. The change in 
reflectivity intensity of 100 nm amorphous Ag5In5Sb30Te60 films shows similar behavior 
to that of 100 nm amorphous Ge2Sb2Te5 films except for the final state. Re-
amorphization on solidification in 100 nm amorphous Ag5In5Sb30Te60 films might occur 
for all three fluence, while high fluence induced crystallization in 100 nm amorphous 
Ge2Sb2Te5 films. Figure 5.7 shows that the reflective intensity change increased 
immediately after femtosecond pulse irradiation for all three fluences. It is possible 
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because non-thermal phase transitions induced by femtosecond pulse have been found in 
many materials. Figure 5.7 also shows that the maximum reflective intensity for high and 
low fluence was different. The maximum reflective intensity was higher for high fluence 
(A) than that for low fluence (C). One possible reason is that the excited carrier density 
may be proportional to the laser fluence. 
5.3 Analysis and discussion 
5.3.1 Carrier excitation 
The carrier dynamics after irradiation by intense femtosecond pulse begins with the 
excitation of themselves. The carrier relaxation begins during the excitation pulse. The 
lattice can also be changed as a direct result of electrons being excited from bonding state 
to anti-bonding states. So it is very important to know the excitation mechanism in 
Ge2Sb2Te5 films and Ag5In5Sb30Te60 films after irradiation by femtosecond pulse. 
Figure 5.8 illustrates different excitation mechanisms in semiconductors after irradiation 
by light. When photon energy is higher than the smallest band gap between conduction 
and valence states, single photon absorption occurs. Figure 5.8 (a) and (b) schematically 
show single photon absorption in direct band gap and in indirect band gap, respectively. 
Because single photon absorption in indirect band gap needs phonon assistance to 
conserve the momentum, direct vertical transition dominates the indirect one when both 
are allowed. When the minimum band gap is larger than photon energy, multiphoton 
absorption (Figure 5.8 (c)) occurs. These three processes increase both the energy and the 
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carrier density. Free carriers can also absorb photons and move to higher energy level, as 
shown in Figure 5.8  (d). Free carriers absorption increases only the energy, not the 
density of free carriers. When some carriers have excess energy above the bottom of the 
conduction band which is higher than the band gap, they may give their excess energy to 
the holes in the valence band. Then impact ionization occurs. In this process, a high 
energy electron loses energy and falls lower in the conduction band. Meanwhile a hole in 
the valence band gains energy and moves to higher energy level, as shown in Figure 5.8  
(e). Therefore, impact ionization increases only the density of free carriers, not the total 
energy. Because no photon absorption is involved in impact ionization, it may begin 
during laser excitation and will continue after laser pulse duration.  
As calculated in chapter 4, the as-deposited Ge2Sb2Te5 films and Ag5In5Sb30Te60 films 
have an allowed indirect band gap at approximately 0.7 eV and 0.6 eV, respectively. The 
wavelength of the incident optical pulse is 800 nm, which is 1.55 eV. Therefore, single 
photon indirect absorption will be the dominant excitation process during pulse duration. 
This process needs phonon assistance to conserve the momentums as the transition is 
indirect. In addition, free carriers will also absorb photon to promote carriers from low 
energy level to high energy level. And nonlinear absorption processes, such as two-
photon absorption process, which are intensity-dependent, may begin to play an 
important role at high fluence. Furthermore, the high density of free carriers will 
decrease the absorption depth of the pump pulse. Carriers excited by the front part of the 
pump pulse may change the refractive index of Ge2Sb2Te5 and Ag5In5Sb30Te60 films and 
affect the photon absorption of the rear part of the pulse. It is possible that both nonlinear 
absorption processes and change in refractive index by the front part of pulse contribute 
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to the excitation process. All these processes take place during pulse duration. 
 
Figure 5.8 Carriers excitation mechanisms in semiconductors. 
 
The intense femtosecond pulse creates a large amount of free carriers with high excess 
energy. Since the excess energy of the excited carriers via single photon absorption in 
100 nm amorphous Ge2Sb2Te5 and Ag5In5Sb30Te60 films is higher than their optical 
energy bandgaps, impact ionization will occur. It may begin during the pulse duration 
and will continue to increase carrier density after laser pulse duration. Impact ionization 
is the dominant carrier excitation process after the deposition of laser energy, which may 
accounts for the high reflectivity intensity lasting after laser pulse duration in Figure 5.3 
and Figure 5.7. 
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The large amount of free carriers with high excess energy created by femtosecond pulse 
in 100 nm Ge2Sb2Te5 and Ag5In5Sb30Te60 films will quickly redistribute and thermalize 
between themselves and lattice via carrier-carrier scattering and carrier phonon scattering 
[117]. 
5.3.2 Carrier and lattice dynamics 
After carrier excitation, carrier and lattice will relax to reduce carrier density and energy. 
Carrier and lattice dynamics are modeled following S. K. Sundaram and E. Mazur [118]. 
The incident optical energy couples into the material by exciting electrons from the 
valance band (bonging state) to the conduction band (anti-bonding state). The sudden 
change of inter-atomic potential induced by intense femtosecond pulse immediately 
excites optical phonons. The time scale for excited carriers to transfer energy to 
longitudinal optical (LO) phonon is expected in several hundred femtoseconds 
[119][120]. Nevertheless, transfer energy from excited carriers to thermal motion of 
lattice is supposed to take many picoseconds. Because the emitted phonons carry little 
energy, LO phonon may take many scattering processes, and therefore several 
picoseconds are needed for carrier energy relaxation. Then the non-equilibrium high 
population LO photons decay into acoustic photons [99]. Thus phase transition in the 
time scale less than several picoseconds cannot be related to thermal model. The 
reflective intensity increase in our experiment (Figure 5.3 and Figure 5.7) was within 
picosecond time scale. It could not be interpreted with conventional thermal phase 
transition. A non-thermal phase transformation induced by a softening of the lattice 
structure due to the generation of a high density electron-hole population was suggested 
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to be the mechanism of the picosecond intensity increase in 100 nm amorphous 
Ge2Sb2Te5 and Ag5In5Sb30Te60 films after excitation by single femtosecond pulse, as 
shown in Figure 5.9. In the frame of the theoretical models [109][110][111][112][113], 
nonthermal phase transformation is due to lattice destabilization in the presence of a 
dense electron-hole plasma. If the plasma density exceeds a critical value (approximately 
1022 cm-3, about 10% of the whole valence population), the transition to a disordered 
state is possible within a few vibrational periods. This process occurs homogeneously 
wherever the stability limit is exceeded. 
 
Figure 5.9 Schematically shown the mechanism for non-thermal lattice disordering: (a) 
bonding electrons absorb photons, (b) these electrons are excited to anti-bonding states, 
bonds break between atoms and (c) the atoms move to new equilibrium states, resulting 
in a disordered structure. 
 
Figure 5.3 and Figure 5.7 also showed that the maximum reflective intensity for high and 
low fluence was different. The maximum reflective intensity was higher for high fluence 
(A) than that for low fluence (C). Our result that different fluence reached different 
maximum reflective intensity change in Ge2Sb2Te5 and Ag5In5Sb30Te60 films is different 
from that using GeSb [20] which reached the same maximum reflectivity for high and 
medium fluence. It may be that the carrier density excited by femtosecond pulse is higher 
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for high fluence than that for low fluence. 
Figure 5.3 clearly shows that high fluence induced crystalline phase transition, while low 
fluence cannot triggered phase transition. One possible reason is that high fluence may 
ensure that there are enough carriers to be excited from bonding state to antibonding state 
for the lattice to displace and change from a disordered state to an ordered state, while 
low fluence may mean that the excitation carrier density is not high enough for lattice 
ordering.  
Figure 5.3 indicates that the final phases for high and medium fluence are different. High 
fluence induce crystalline phase, while probably partial crystalline phase is triggered by 
medium fluence. This may be due to the fact that intermediate states exist between the 
amorphous and polycrystalline structures in GeSbTe material [121], as shown in Figure 
5.10. When femtosecond pulse with medium fluence shines on Ge2Sb2Te5 material, the 
energy is not sufficient to excite enough carriers from bonding state to anti-bonding state, 
which may not allow all the bonding of neighbor atoms to break and realign. Instead, 
only parts of atoms are allowed to align, leading to an increase of the limited long-range 
periodic order of the amorphous state. Our result that different fluences induce different 
reflectivive intensity may be used for multilevel recording to increase recording density. 
 Although Femtosecond laser can induce ultrafast nonthermal phase transitions in both 
100 nm amorphous Ge2Sb2Te5 and Ag5In5Sb30Te60 films, the final states in these two 
materials on solidification after femtosecond laser irradiation are different. 
Crystallization takes place after solidification in 100 nm amorphous Ge2Sb2Te5 films, 
while re-amorphization occurs in 100 nm amorphous Ag5In5Sb30Te60 films. One possible 
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reason may be due to different crystallization mechanisms of these two materials. 
 
Figure 5.10 Structural state in phase materials. 
 
5.3.3 Crystallization mechanism 
The conventional crystallization process is described as nucleation of crystalline grains 
followed by the growth of these crystalline grains. Both the nucleation rate and growth 
rate are functions of temperature. If the nucleation rate of a material is higher than its 
growth rate, this material is called nucleation-dominant materials. If the nucleation rate 
of a material is lower than its growth rate, this material is called growth-dominant 
materials. 
According to the crystallization mechanism, rewritable phase change materials, GeSbTe 
and AgInSbTe, are divided in two categories: “nucleation-dominant materials” and 
“growth-dominant materials” [122][122]. GeSbTe belongs to the former, nucleation-
dominant materials, because it crystallizes through the formation of many crystalline 
seeds, or nuclei, that then grow to form small crystallites. While AgInSbTe belongs to 
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latter, growth-dominant materials, because nucleation is difficult and takes long time to 
occur in this material, but growth of a crystalline area, once a seed or nuclei is present, is 
very quick.  
Crystallization temperature of phase change media is in the range of 150~250 °C when 
heating slowly. It increases with increasing heating rate. For femtosecond laser 
irradiation, the energy deposition time is very short, which may be too short for 
crystalline nuclei to grow in AgInSbTe materials. While the material will reach high 
temperature after thermal equilibrium, which may greatly increase the nucleation rate in 
GeSbTe materials. After femtosecond laser shines on samples, nucleation rate may be 
high in Ge2Sb2Te5 films due to the high temperature. While for Ag5In5Sb30Te60 films, 
nucleation may not even take place in so short time, although the temperature is very 
high. This may be the reason that account for the crystallization induced by single 
femtosecond pulse in 100 nm amorphous Ge2Sb2Te5 films, while re-amorphization 
occurring in 100 nm amorphous Ag5In5Sb30Te60 films after irradiation by single 
femtosecond pulse. 
5.4 Conclusions 
From the pump-probe experiment in 100 nm amorphous Ge2Sb2Te5 films and 
Ag5In5Sb30Te60 films, following conclusions can be obtained: 
1) Ultrafast time-resolved microscope with both femtosecond time and micrometer 
spatial resolution was employed to investigate the ultrafast dynamics in 100 nm 
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amorphous Ge2Sb2Te5 films and Ag5In5Sb30Te60 films. The entire process of the 
phase transitions in 100 nm amorphous Ge2Sb2Te5 films and Ag5In5Sb30Te60 films 
induced by single femtosecond pulse was revealed. 
2) An intensity increase within picosecond delay in 100 nm amorphous Ge2Sb2Te5 and 
Ag5In5Sb30Te60 films was observed. It cannot be interpreted with conventional 
thermal phase change. Non-thermal phase transition model is suggested as the 
mechanism of the picosecond intensity increase in Ge2Sb2Te5 and Ag5In5Sb30Te60 
films after irradiation by femtosecond pulse. 
3) Single photon indirect absorption is the dominant excitation process during pulse 
duration, while impact ionization continues to increase carrier density after 
femtosecond pulse excitation, which may account for the high reflective intensity 
lasting for long time after pulse duration.  
4) Femtosecond laser can induce amorphous to crystalline in 100nm Ge2Sb2Te5 films, 
while crystallization cannot be triggered in 100 nm Ag5In5Sb30Te60 films. One 
possible reason is due to the different crystallization mechanisms of GeSbTe and 
AgInSbTe films. 
Chapter 6 Phase transitions in super-lattice-like phase change media triggered by 
femtosecond pulse 
 99 
Chapter 6 Phase transitions in super-lattice-like 
phase change media triggered by femtosecond 
pulse 
Phase change optical data storage is one of the most popular technologies for the 
production of removable and rewritable storage media. In the last decade, significant 
progress has been made in the development of phase change optical disk with high data 
transfer rate. One approach is to develop phase change materials with fast crystallization 
speed. Other approach is to use complicated disk structure with additional interface 
layers to enhance the formation of nucleation sites. 
Superlattice-like phase change optical disks, in which the recording layer consists of 
alternating thin layers with two different phase change materials, was first proposed by 
Chong et al,. [124] They found Superlattice-like phase change optical disks have faster 
crystallization speed [124][125][126], compared to conventional phase change optical 
disks. 
Our previous experiments show that single femtosecond pulse can induce amorphous to 
crystalline and crystalline to amorphous phase transitions in 100 nm Ge2Sb2Te5 films. 
The mechanism is nonthermal. However, whether femtosecond laser can induce any 
phase transitions in super-lattice-like phase change media or not is not clear yet.  
Chapter 6 Phase transitions in super-lattice-like phase change media triggered by 
femtosecond pulse 
 100 
In this chapter, the general concept of superlattice structure is introduced, followed by 
superlattice-like phase change optical disks. Then the static experimental results in 
superlattice-like phase change media will be presented. Finally the pump-probe setup 
will be used to investigate the ultrafast dynamics in superlattice-like phase change media 
following femtosecond pulse irradiation. 
6.1 General concept of superlattice  
As first introduced by Slater [127] in 1940s, the concept of superlattic is semiconductor 
structure consisting of several ultra-thin layers (atomic layers) in order to obtain specific 
electronic and photonic properties because slight modifications of chemical composition 
of each layer result in slight variations of energy bandgap from layer to layer. There are 
two kinds of superlattice structures, as proposed by Esaki and Tsu [127] in 1969. One 
type of superlattice is an artificial periodic potential in a semiconductor crystal using 
periodic n-type and p-type doped layers. This type of superlattice, resulted from 
modulation of the impurity in a semiconductor, is now termed as doping superlattice or 
n-i-p-i doping superlattice, as shown in Figure 6.1 (a). Another type of superlattice is 
based on a periodic structure of alternating layers of semiconductor materials with wide 
and narrow band gaps. This type of superlattice is called compositional superlattice, as 
shown in Figure 6.1 (b).  
Scince then, the research on superlattices, the artificially structured materials was 
initiated. The earliest attentions were focused on crystalline superlattices which require 
lattice matching. Later, people found that superlattices could be extended to amorphous 
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semiconductor multilayers without lattice matching. Amorphous semiconductors have a 
short range order of random network that the nearest neighbor distance or bond length is 
essentially equal to that of the corresponding crystalline phase though the bond angle 
may fluctuate to some extent. Indeed, amorphous semiconductor multilayers could be 
regarded as a new class of superlattice structure when the potential well width is less than 
the quantum mechanical coherence length of carriers. Recent discovery [128][129][130] 
shows that well-defined periodic potential structure can be designed and fabricated by 
amorphous semiconductor heterojunction multilayer. 
 
Figure 6.1 Schematically shows the two type of superlattice structures (a) doping 
superlattice and (b) compositional superlattice. 
 
In this thesis, the so called superlattice-like phase change structure is based on the 
concept of compositional superlattice structure. In the next section, the novel properties 
of superlattice will be presented. 
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6.2 Properties of superlattice 
Superlattice structure consists of a periodical repetition of alternating layers of two 
materials. It has novel physical properties as compared to their corresponding bulk 
materials. Experimental and theoretical studies [131][132][132][134] have revealed that 
the thermal conductivities in both in-plane and cross-plane of superlattice have been 
significantly decreased, as compared to their corresponding bulk materials. Many 
experiments [132][134] show that the thermal conductivity of superlattice structures are 
generally lower than the values calculated from the thermal conductivity of their 
corresponding materials according to the Fourier heat conduction theory. Ren and Dow 
[131] modeled the thermal conductivity of ideal superlattice structures by combining 
Callaway’s model with a quantum mechanical treatment of the scattering rate. They 
predicted that mini-umklapp three-photon scattering siginificantly reduce the lattice 
thermal conductivity of a superlattice. The reduction is most significant in large samples 
with small superlattice periods and with large difference the superlattice layers. The 
predicted reduction in thermal conductivity from their model, however, is too low to 
explain the orders of magnitude reduction in the measured thermal conductivity of some 
superlattice structures. Chen and Neagu [132] established models on the in-plane and 
cross-plane thermal conductivity of superlattices based on the Boltzmann transport 
equation and proposed that below the critical thickness, thermal conductivity is strongly 
influenced by interface scattering of phonons. Above the critical thickness, dislocations 
are the dominant scattering centers in superlattice. 
The recrystallization characteristics of the superlattice are also different from those of the 
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bulk materials [135]. Electron-hole pairs were created in superlattice after light 
irradiation. The lifetime of an electron-hole pair might range from several picoseconds 
up to nanoseconds. Prior to recombination of the photo-excited electron-hole pair, the 
chemical bond between neighboring atoms may become weak, which tends to encourage 
nucleation and rapid crystal growth. After recombination, the local bonding 
configurations may not be the same as those before photo-excitation. The rearrangement 
of bonds may be helpful in forming nuclei and increasing the speed of crystal growth. In 
addition, the non-radioactive dissipation of the large recombination energy raises the 
local temperature of the film, further accelerating the crystallization process. 
It is clear that the band structure of superlattice will be different from those of the 
constituents if the thin layers consist of only a few layers of atoms. The bandgap change 
may decrease activation energy of phase-change media, leading to increase the 
crystallization speed of phase-change materials. Thus, change in the periods and 
thickness of superlattice may change the optical properties and crystallization speed of 
superlattice. 
The optical properties of superlattice may also be strongly modified by localization and 
quantum-confinement effects. When the layers in the superlattice are sufficiently thin, it 
can be described as “ordinary” uniaxial material and its optical properties could be quite 
different from the constituents. Experiment [124] shows that the superlattice can greatly 
improve the nonlinear optical properties of materials. Optical absorption coefficient and 
refractive index of superlattice are strongly dependent on the optical intensity pass 
though the superlattice. 
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Superlattice structure has different physical properties, as compared to their 
corresponding bulk materials. The optical and thermal properties, and crystallization 
behaviors can be tailored via adjusting the superlattice structure, which is the idea used in 
superlattice-like phase change optical disk.  
6.3 Superlattice-like phase change structure  
In this thesis, the superlattice-like phase-change structure consists of alternate ultrathin 
layers of two different phase-change materials, i.e., PC-1 and PC-2, as shown in Figure 
6.2 (a). Usually one material has a high crystallization speed, a low activation energy for 
crystallization and a low stability, whereas another material has a high activation energy 
and a high stability. 
 
 (a)     (b) 
Figure 6.2 Cross-sectional view of (a) superlattice-like sample and (b) conventional 
sample. 
 
The ternary GeSbTe compounds can be considered as pseudobinary GeTe and Sb2Te3 
alloys with different combinations. They have tetradymite-like structures, because 
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Sb2Te3 tetradymite-type units (TeSbTeSbTe) are the important constituent of their 
mixed-layered crystal structures [136]. The Sb2Te3 compound has a rhombohedral lattice 
of the tetradymite (Bi2Te2S) type (space group R3m) with the following lattice 
parameters in the hexagonal configuration: a=50.4264 nm, c=53.0458 nm [137]. The 
hexagonal unit cell contains three five-layer packs (N=15). The atomic layers are 
alternated in the Te1SbTe2SbTe1 sequence perpendicular to the c axis. The five-layer 
packets are bonded to each other by weak Van der Waals forces [136]. While GeTe 
compound has two polymorphic phases. The high-temperature b phase (T>700 K) has a 
cubic rocksalt structure (space group Fm3m) [138]. The low-temperature a-phase 
(T<700 K) has a rhombohedral structure of the a-As type (space group R3m) with lattice 
parameters: a=50.5986 nm and a=88.35° [138][139]. The a-phase is characterized by 
the displacement of the Ge and Te sublattices relative to each other along the [111] 
direction [140]. As a result, the Ge-Te double-layer packs of bismuth-type are formed. 
 
Figure 6.3 Schematically show the composition dependence of the crystallization speed 
and melting point in the phase diagram of the tenary GeSbTe system. 
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Figure 6.3 shows the composition dependence of the crystallization speed and melting 
point in the phase diagram of the tenary GeSbTe system. GeTe has a large difference in 
the optical constant between the amorphous and crystallize phase, which makes it 
suitable for applications in optical disk where both high reflection and high signal 
modulation are required. However, GeTe has a high crystallization temperature (189 °C) 
and a high melting point (~700 °C), making it difficult to be erased completely when the 
energy deposition time is very short. While Sb2Te3 has a low crystallization temperature 
between 90 and 100 °C and a melting point of 621 °C. It has a fast crystallization speed 
and a small difference in the optical constant between the amorphous and crystallize 
phase. 
Binary compounds of GeTe and Sb2Te3 were selected as the two compositional materials 
of the SLL structure because of the following consideration:  
1) The phase-change point and the melting point of GeTe (189 oC and ~700 oC, 
respectively) are quite different from those of Sb2Te3 (partially crystallized when 
deposited, 621 oC for melting point). When being melt-quenched and annealed 
within tens of nanoseconds, it is less possible for any confusion or chemical reaction 
to take place between layers of the different compositional materials, which was 
confirmed by XPS measurement [126]; 
2) Adhesion between the alternative layers of these two materials is very strong; 
3) The band gap discrepancy is large enough for GeTe and Sb2Te3 (the band gap is 
0.73~0.95 eV for GeTe and 0.21 eV for Sb2Te3 at 300 K). 
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After the introduction of general concept of superlattice-like phase change optical disk, 
whether femtosecond pulse can induce any phase transition in superlattice-like phase 
change media or not will be investigated.  
6.4 Phase transitions in superlattice-like phase change 
media triggered by femtosecond laser  
The sample structure was 0.6mm polycarbonate substrate/ (ZnS)80(SiO2)20 120 nm/ 
superlattice-like phase change media / (ZnS)80(SiO2)20 92 nm/ air. The superlattice-like 
phase change media consists of alternate 2 nm GeTe films and 3 nm Sb2Te3 films. For 
example, 100 nm superlattice-like phase change media includes alternate 10 layers of 
GeTe and 10 layers of Sb2Te3. The total layers are 20. The as-deposited samples were in 
amorphous background. They could be changed to crystallize phase by the initializer.  
The static experiment setup described in chapter 4 is used to investigate whether single 
femtosecond pulse can induce any phase transition in superlattice-like phase change 
media or not. Figure 6.4 and Figure 6.5 are OM images of 100 nm superlattice-like 
sample after single femtosecond pulse irradiation at amorphous and crystalline 
background, respectively. They indicate that single femtosecond pulse can induce 
crystalline mark at amorphous background and amorphous mark at crystalline 
background in 100 nm superlattice-like phase change media, similar to the results in 100 
nm amorphous Ge2Sb2Te5 films. The amorphous to crystalline phase transition triggered 
by single femtosecond pulse in 100 nm amorphous superlattice-like phase change media 
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is corroborated by X-ray diffractometer (XRD) measurement (Figure 6.6). Figure 6.6 
also indicates that there is no confusion or chemical reaction to take place between GeTe 
and Sb2Te3 layers after initiazation and single femtosecond pulse irradiation, consistent 
with Shi’s XPS measurement [126] which shows that after many time of high power 
irradiation,the SLL structure is still exist although there are slight diffusion between layers.  
 
Figure 6.4 OM images of 100 nm amorphous superlattice-like phase change media after 
single femtosecond pulse irradiation. Pulse energy (a) 5 mJ; (b) 6 mJ; (c) 7 mJ; (d) 9 mJ; (e) 
11 mJ and (f) 13 mJ. 
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With the increase of laser fluence, the size of crystalline marks and amorphous marks 
increases until the over-burn point appear in the center, as shown in Figure 6.4 and 
Figure 6.5, respectively. However, the amorphous over-burn marks induced by single 
femtosecond pulse are quite different from those of crystalline over-burn marks. Figure 
6.4 (d), (e) and (f) show that the crystalline phase in the crystalline overburm marks is 
adjacent to the the over-burn point, whereas Figure 6.5 (d), (e) and (f) show that the 
amorphous phase in the the amorphous over-burn marks is separated from the over-burn 
point by a crystalline ring, indicating that the central high fluence triggers 
crystallinzation. One possible reason is that the cooling speed may be low enough in the 
center part of laser spot to promote the crystallization, although the laser fluence is high. 
While in the fringe part of laser spot, the cooling speed may be fast enough to induce 
amorphization.  
However, the results in 20 nm superlattice-like phase change media, as shown in Figure 
6.7 and Figure 6.8, are quite different from that in 100 nm superlattice-like phase change 
media. Single femtosecond pulse could only induce crystalline to amorphous phase 
transition in 20 nm superlattice-like phase change media, while amorphous to crystalline 
phase transition could not be triggered by single femtosecond pulse, as only over-burn 
marks were observed in Figure 6.7.  
The same method as that for Ge2Sb2Te5 films in Chapter 4 was employed to investigate 
the phase transitions induced by single femtosecond pulse in superlattice-like phase 
change media with the thickness between 20 nm and 100 nm. Our results (Figure 6.9, 
Figure 6.10, Figure 6.11 and Figure 6.12) show that when the films thickness of 
superlattice-like phase change media was no less than 55 nm, the results are similar 
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to those in 100 nm superlattice-like phase change media that single femtosecond pulse 
could induce both amorphous and crystalline phase transitions. While when the films 
thickness of superlattice-like phase change media was no more than 50 nm, the results 
are similar to those in 20 nm superlattice-like phase change media that single 
femtosecond pulse could only induce crystalline to amorphous phase transition.  
 
Figure 6.5 OM images of 100 nm crystalline superlattice-like phase change media after 
single femtosecond pulse irradiation. Pulse energy (a) 5 mJ; (b) 6 mJ; (c) 7 mJ; (d) 9 mJ; (e) 
11 mJ and (f) 13 mJ. 
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Figure 6.6 XRD patterns of 100 nm superlattice-like phase change media at as-deposited 
phase and after initialization and single femtoseond laser irradiation. 
 
Figure 6.7 OM image of 20 nm superlattice-like phase change media at amorphous 
background after single femtosecond pulse irradiation. Pulse energy from left to right: 12 
mJ, 10 mJ, 8 mJ, and 6 mJ. 
 
Figure 6.8 OM image of 20 nm superlattice-like phase change media at crystalline 
background after single femtosecond pulse irradiation. Pulse energy from left to right: 10 
mJ, 8 mJ, 6 mJ and 4 mJ. 
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Our static experiments clearly show that the film thickness of superlattice-like phase 
change media which could achieve both amorphous and crystalline phase transition after 
single femtosecond pulse irradiation is thinner than that of Ge2Sb2Te5 films. One 
possible reason is that the alternate thin layers of superlattice-like phase change media 
consist of only a few layers of atoms which may change the band gap and decrease 
activation energy, leading to increase the crystallization speed.  
 
Figure 6.9 OM image of 55 nm superlattice-like phase change media at amorphous 
background after single femtosecond pulse irradiation. Pulse energy from left to right: 14 
mJ, 13 mJ, 12 mJ and 10 mJ. 
 
Figure 6.10 OM image of 55 nm superlattice-like phase change media at crystalline 
background after single femtosecond pulse irradiation. Pulse energy from left to right: 12 
mJ, 10 mJ, 9 mJ and 8 mJ. 




Figure 6.11 OM image of 50 nm superlattice-like phase change media at amorphous 
background after single femtosecond pulse irradiation. Pulse energy from left to right: 13 
mJ, 12 mJ, 10 mJ, and 9 mJ. 
 
Figure 6.12 OM image of 50 nm superlattice-like phase change media at crystalline 
background after single femtosecond pulse irradiation. Pulse energy from left to right: 10 
mJ, 9 mJ, 8 mJ, and 7 mJ.  
 
However, a more detailed explaination could not be given here. The pump-probe setup 
should be employed to investigate the ultrafast dynastics in superlattice-like phase 
change media after irradiation by single femtosecond pulse in order to gain insight into 
the mechanism of these ultrafast phase transitions. 
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6.5 Ultrafast dynamics in superlattice-like phase 
change media 
The pump-probe experiment setup described in chapter 3 is employed to investigate the 
ultrafast dynastics in 100 nm amorphous superlattice-like phase change media after 
irradiation by single femtosecond pulse. The sample structure was the same as previous 
experiments. The sample was in as-deposited background.  
6.5.1 Results 
 
Figure 6.13 Pictures of 100 nm amorphous superlattice-like phase change media after 
single femtosecond pump pulse irradiation at the energy of 14 mJ. 




Figure 6.14 OM image of 100 nm amorphous superlattice-like phase change media after 
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Figure 6.15 Reflective intensity change as a function of delay time measured at three 
different fluences (marked A, B and C in the last frame of Figure 6.13), corresponding to 
excitation fluence of 60, 45, 20 mJ/cm2, respectively. DI=[I(t)-Ia]/Ia and Ia is the 
reflective intensity of 100 nm amorphous superlattice-like phase change media . 
 
A sequence of micrographs, covering the entire period from initial deposition of laser 
energy to appearance of the final structural modifications in 100 nm amorphous 
superlattice-like phase change media, is shown in Figure 6.13. In the first frame 
((Dt=0ps), the reflective intensity of the area illuminated by pump-probe was almost the 
same as that of the area irradiated by probe beam because the pump beam and the probe 
beam took an equal amount of time to reach the sample.  In the next two frames (0.5 
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ps, 1 ps), the reflective intensity of the region irradiated by whole pump beam increased 
which gave rise to the appearance of a bright area without a sharply defined boundary. 
The appearance of the bright region in the surface area irradiated by pump beam 
remained nearly unchanged for approximately 2 ns delay except that the size of the 
bright region diminished at later delay (50 ps, 100 ps) and enlarged at even later delay (1 
ns). The bright region in the center of the probe spot in the last frame (Dt=¥), 
corresponding to a delay of several seconds, suggested that crystalline mark was formed 
in 100 nm superlattice-like phase change media at amorphous background after single 
pump beam irradiation.  
The subsequent morphology examination of the final state after the irradiation of the 
single femtosecond pump pulse is shown in Figure 6.14.  It indicated the formation of 
crystalline mark in 100 nm superlattice-like phase change media at as-deposited 
background after excitation by single 100 fs pulse.  
To quantitatively follow the evolution of the reflectivity intensity change after 
femtosecond pulse irradiation, the reflectivity intensity change as a function of delay 
time is shown in Figure 6.15. Three fluences were chosen, marked A, B and C in Figure 
6.13, corresponding to excitation fluence of 60, 45, 20 mJ/cm2, respectively. Figure 6.15 
shows that the result in 100 nm amorphous superlattice-like phase change media is 
similar to that in 100 nm amorphous Ge2Sb2Te5 films. The reflective intensity change 
increased immediately after femtosecond pulse irradiation for all three fluences (Figure 
6.15). It is possible because femtosecond laser can induce nonthermal phase transition. 
Figure 6.15 shows that there is a big drop of reflective intensity at high fluence at 
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approximately 2 ns and the maximum reflective intensity for high, medium and low 
fluence was different. The maximum reflective intensity was higher for high fluence (A) 
than that for low fluence (C). One possible reason is that the excited carrier density is 
different for different fluence. The excited carrier density may be proportional to fluence 
than that for low fluence. Figure 6.15 also shows that high and medium fluence triggered 
a transition from as-deposited phase to crystalline phase and partial crystalline phase, 
respectively, whereas low fluence cannot induce crystallization. High fluence may 
induce more carriers to be excited from bonding state to antibonding, compared to 
medium fluence, which may favor the lattice ordering. While for low fluence, the carrier 
density may be not high enough for lattice ordering to occur.  
6.5.2 Discussions 
Similar to 100 nm amorphous Ge2Sb2Te5 films and Ag5In5Sb30Te60 films, single photon 
absorption is the dominant excitation process in 100 nm amorphous superlattice-like 
phase change media during pulse duration since both GeTe and Sb2Te3 have band gap 
lower than single photon energy of 1.55 eV at the wavelength of 800 nm. After carrier 
excitation, free carriers have excess energy higher than the band gap of Sb2Te3 which is 
0.21 eV at 300 K. Impact ionization takes place. Because no photon absorption is 
involved, impact ionization begins during pulse duration and will continue to increase 
carrier density after the deposition of laser energy.  Impact ionization may be the reason 
that accounts for the high reflectivity intensity lasting after pulse duration in Figure 6.15. 
After carrier excitation, carriers with high density and energy will redistribute and 
thermalize between themselves and lattice via carrier-carrier scattering and carrier 
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phonon scattering [117]. Figure 6.15 shows that the reflective intensity in 100 nm 
amorphous superlattice-like phase change media increases in sub-picosecond time scale 
after irradiation by single femtosecond pulse. Similar to 100 nm amorphous Ge2Sb2Te5 
and Ag5In5Sb30Te60 films, the sub-picosecond reflective intensity increase in 100 nm 
amorphous superlattice-like phase change media (Figure 6.15) could not be interpreted 
with conventional thermal phase transition. The non-thermal phase transformations 
induced by a softening of the lattice structure due to generation of a high density 
electron-hole population was suggested to be the mechanism of the sub-picosecond 
reflective intensity increase in 100 nm amorphous superlattice-like phase change media. 
Figure 6.15 also shows that the maximum reflective intensity for high and low fluence is 
different in 100 nm amorphous superlattice-like phase change media. This may be due to 
different carrier density excited by different fluence. The carrier density excited by 
femtosecond pulse may be higher for high fluence than that for low fluence. Thus high 
fluence may ensure that there are enough excitation carriers for lattice to displace and 
change from a disordered structure to an ordered structure, while low fluence may mean 
that the excitation carrier density is not high enough for lattice ordering to occur. 
Figure 6.15 clearly shows that the final phases for high and medium fluence are different 
in 100 nm amorphous superlattice-like phase change media. High fluence may induce 
crystalline phase, while partial crystalline phase may be triggered by medium fluence. 
Superlattice-like phase change media may also have intermediate states exist between the 
amorphous and polycrystalline structures, just like GeSbTe material. When femtosecond 
pulse with medium fluence shines on superlattice-like phase change media, the energy is 
not sufficient to excite high carrier density from bonding state to anti-bonding state. 
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It cannot allow all the bonding of neighbor atoms to break and realign. Instead, only 
parts of atoms are allowed to align, leading to an increase of the limited long-range 
periodic order of the amorphous state. 
There is a big drop of reflective intensity at high fluence at approximately 2 ns in Figure 
6.15. It may be that once the energy of the excited carriers has been transferred from the 
free carriers to the lattice, the structural transformation will take place. Due to the large 
cooling rate and high supercooling after 100 fs pulse irradiation, amorphization will 
occur, which decreases the reflective intensity. However, initial solidification will release 
enthalpy which will lower the supercooling to frustrate amorphization process and 
promote the nucleation and growth of the crystalline phase. For 100 nm superlattice-like 
phase change media, the enthalpy released during initial solidification may be large 
enough to reduce supercooling and to promote the nucleation and growth of the 
crystalline material, which increases the reflective intensity.  
Figure 6.16 is the normalized reflective intensity change as a function of delay time of 
100 nm amorphous superlattice-like phase change media and Ge2Sb2Te5 films after 
excitation by single femtosecond pulse at the maximum fluence. The maximum 
reflective intensity change was set to 1 in order to compare between them. Figure 6.16 
shows that the change is almost similar between these two media after 100 fs pulse 
irradiation until 100 ps. Superlattice-like phase change media has a less drop of reflective 
intensity than Ge2Sb2Te5 films between 100 ps to 2 ns. One possible reason is that 
superlattice-like phase change media has lower thermal conductivity, compared to their 
bulk materials. The high energy free carriers in superlattice-like phase change media may 
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not so quick to transfer energy to the lattice as that in Ge2Sb2Te5 films. They will remain 
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Figure 6.16 Normalized reflective intensity change as a function of delay time between 
100 nm amorphous superlattice-like phase change media and Ge2Sb2Te5 films measured 
at the fluence of 60 mJ/cm2. DI=[I(t)-Ia]/Ia and Ia is the reflective intensity of amorphous 
phase. The maximun DI is set to 1 for comparision. 
6.6 Conclusions 
From the experiments on 100 nm amorphous superlattice-like phase change media, 
following conclusions can be obtained: 
1) Single femtosecond laser can induce both amorphous to crystalline and crystalline to 
amorphous phase transitions in superlattice-like phase change media when the film 
thickness is no less than 55 nm. While for film thickness no more than 50 nm,  
Single femtosecond pulse can induce only crystalline to amorphous phase transition.  
2) Ultrafast time-resolved microscopy with both femtosecond time and micrometer 
spatial resolution was employed to investigate the ultrafast dynamics in 100nm 
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amorphous superlattice-like media. The entire process of phase transitions in 100 nm 
superlattice-like phase change media induced by single femtosecond pulse was 
revealed. 
3) An intensity increase within picosecond delay in superlattice-like media after 
femtosecond laser excitation was observed. It cannot be interpreted with 
conventional thermal phase change. Non-thermal phase transition model is 
suggested as the mechanism of the picosecond intensity increase in superlattice-like 
media after excitation by single femtosecond pulse. 
4)  Single photon indirect absorption is the dominant excitation process during pulse 
duration, while impact ionization continues to increase carrier density after 
femtosecond pulse excitation, which may account for the high reflective intensity 
lasting for long time after pulse duration. 
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Chapter 7 Conclusions and future work 
Femtosecond laser can create extreme non-equilibrium conditions in materials that give 
rise to novel and unusual phase transitions. It is believed that femtosecond laser is very 
promising for phase change optical data storage. This thesis focused the interaction of 
femtosecond laser with phase change media and superlattice-like phase change media in 
order to gain insight into the phase transitions in phase change media and superlattice-
like phase change media triggered by femtosecond laser.  
Our experiments show that crystalline and amorphous phase transformations triggered by 
femtosecond laser pulse in Ge2Sb2Te5 films could be achieved by proper control of the 
heat flow conditions imposed by the film thickness. For thin films, femtosecond pulse 
can only induce crystalline to amorphous phase transition. While for thick films, such as 
100 nm, amorphous to crystalline and crystalline to amorphous phase transitions were 
triggered by femtosecond pulse. Those phase transitions can also be observed in 100 nm 
superlattice-like phase change media. However, crystallization could not be triggered by 
single femtosecond pulse although single femtosecond pulse can induce amorphous mark 
in 100 nm Ag5In5Sb30Te60 films. One possible reason is due to the different 
crystallization mechanisms between AgInSbTe and GeSbTe films.  
Our experiments in 100 nm Ge2Sb2Te5 films and superlattice-like phase change media 
show that high fluence could induce amorphous to crystalline phase transition, while low 
fluence may not triggered phase transition . One possible reason is that high fluence may 
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ensure that there is enough carriers to be excited from bonding state to anti-bonding state 
for lattice to displace from a disordered structure to an ordered structure, while low 
fluence may mean that the excited carriers is not enough for lattice ordering.  
Our results in 100 nm Ge2Sb2Te5 films and superlattice-like phase change media also 
show that different fluence induce different reflectivity intensity, and different phase 
upon solidification. The possible reason is that GeSbTe has many intermediate phases 
between amorphous phase and crystalline phase.  Different fluence creates different 
carrier density, which induces different lattice displacement and results in different 
phases. That different reflective intensity induces by different fluence may be used in 
multilevel recording to increase recording density. 
For all the materials studied in this thesis, single photon indirect absorption is the 
dominant excitation mechanism duration laser pulse duration when irradiation by 
femtosecond pulse at the wavelength of 800 nm. Because the excited carriers have excess 
energy higher than the optical band gap, impact ionization, which begins during the 
deposition of laser energy and continues after pulse duration due to no photon absorption 
involved, may be the dorminant excitation mechanism after pulse duration. 
Our experiments show that an instantaneous increase in reflective intensity shortly after 
irradiation of femtosecond laser for all fluence in all the materials studied in this thesis. It 
cannot be accounted for the thermal processes. The ultrafast nonthermal phase transition 
was suggested to be the most plausible explanation for our observation.  
Our results show that even a single femtosecond pulse can induce amorphous to 
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crystalline and crystalline to amorphous phase transitions in GeSbTe films and may 
provide the means to achieve more than 1 TBit/s data transfer rate capability.  
Although much can be learnt from our experiments, further study is still needed. 
Theoretical simulation, for example, simulation the relationship between carrier densitty 
and reflective intensity is needed to understand more clearly the carrier and lattice 
dynamics after femtosecond laser irradiation. More experiments such as X-ray diffraction 
need to be conducted to identify the non-thermal phase to which the materials transform. 
In addition to general pump-probe experiments that measured reflective intensity to 
probe ultrafast dynamics in this study, future experiments could measure the broadband 
dielectic function to gain more information about the phase transitions induced by 
femtosecond laser, because dielectric function is the intrinsic property of a material, and 
concentrate on individual process such as carrier excitation process to identify which is 
the dominant process. 
We used 800 nm light to probe the dynamics of the phase transitions in phase change 
media triggered by femtosecond laser. Nevertheless, 800 nm light interacts 
predominately with valence and free electrons and not with the core electrons and nuclei 
that most directly indicate structure. Time-resolved optical pump ultrafast x-ray 
diffraction probe experiments offer hope to “observe” directly the structure of the 
transient phases triggered by femtosecond pulse and the structural dynamics that cause 
the transition. In the future, time-resolved x-ray diffraction and dielectric function 
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